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INTRODUCTION 

Research  Initiation  Program  -  1985 

AFOSR  has  provided  funding  for  follow-on  research  efforts  for  the 
participants  In  the  Summer  Faculty  Research  Program.  Initially  this 
program  was  conducted  by  AFOSR  and  popularly  known  as  the  Nlnl-6rant 
Program.  Since  1983  the  program  has  been  conducted  by  the  Summer  Faculty 
Research  Program  (SFRP)  contractor  and  Is  now  called  the  Research 
Initiation  Program  (RIP).  Funding  Is  provided  to  establish  RIP  awards  to 
about  half  the  number  of  participants  In  the  SFRP. 

Participants  In  the  1985  SFRP  competed  for  funding  under  the  1985 
RIP.  Participants  submitted  cost  and  technical  proposals  to  the 
contractor  by  1  November  1985,  following  their  participation  In  the  1985 
SFRP. 

Evaluation  of  these  proposals  was  made  by  the  contractor. 
Evaluation  criteria  consisted  of: 

1.  Technical  Excellence  of  the  proposal 

2.  Continuation  of  the  SFRP  effort 

3.  Cost  sharing  by  the  University 

*  The  list  of  proposals  selected  for  award  was  forwarded  to  AFOSR  for 
approval  of  funding.  Those  approved  by  AFOSR  were  funded  for  research 
efforts  to  be  completed  by  31  December  1986. 

The  following  summarises  the  events  for  the  evaluation  of  proposals 
and  award  of  funding  under  the  RIP. 

A.  Rip  proposals  were  submitted  to  the  contractor  by  1  November 
1985.  The  proposals  were  limited  to  $20,000  plus  cost 
sharing  by  the  universities.  The  universities  were 

encouraged  to  cost  share  since  this  Is  an  effort  to 
establish  a  long  term  effort  between  the  Air  Force  and  the 
university. 

8.  Proposals  were  evaluated  on  the  criteria  listed  above  and 
the  final  award  approval  was  given  by  AFOSR  after 
consultation  with  the  Air  Force  Laboratories. 

C.  Subcontracts  were  negotiated  with  the  universities.  The 
period  of  performance  of  the  subcontract  was  between  October 
1985  and  December  1986. 

Copies  of  the  Final  Reports  are  presented  In  Volumes  I  through  III 
of  the  1985  Research  Initiation  Program  Report.  There  were  a  total  of  82 
RIP  awards  made  under  the  1985  program. 
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INTRODUCI ION 


Research  Initiation  Program  -  1985 

AFOSR  has  provided  funding  for  follow-on  research  efforts  for  the 
participants  in  the  Summer  faculty  Research  Program.  Initially  this 
program  was  conducted  by  AFOSR  and  popularly  known  as  the  Mini-Grant 
Program.  Since  1983  the  program  has  been  conducted  by  the  Summer  Faculty 
Research  Program  (SFRP)  contractor  and  is  now  called  the  Research 
Initiation  Program  (RIP).  Funding  is  provided  to  establish  RIP  awards  to 
about  half  the  number  of  participants  in  the  SFRP. 

Participants  in  the  1985  SFRP  competed  for  funding  under  the  1985 
RIP.  Participants  submitted  cost  and  technical  proposals  to  the 
contractor  by  1  November  1985,  following  their  participation  in  the  1985 
SFRP. 


tvaluation  of  these  proposals  was  made  by  the  contractor. 
Evaluation  criteria  consisted  of: 

1.  Technical  Excellence  of  the  proposal 

2.  Continuation  of  the  SFRP  effort 

3.  Cost  sharing  by  the  University 

The  list  of  proposals  selected  for  award  was  forwarded  to  AFOSR  for 
approval  of  funding.  Those  approved  by  AFOSR  were  funded  for  research 
efforts  to  be  completed  by  31  December  1986. 

The  following  summarizes  the  events  for  the  evaluation  of  proposals 
and  award  of  funding  under  the  RIP. 

A.  Rip  proposals  were  submitted  to  the  contractor  by  1  November 
1985.  The  proposals  were  limited  to  120,000  plus  cost 
sharing  by  the  universities.  The  universities  were 
encouraged  to  cost  share  since  this  is  an  effort  to 
establish  a  long  term  effort  between  the  Air  Force  and  the 
un i vers i ty . 

B.  Proposals  were  evaluated  on  the  criteria  listed  above  and 

the  final  award  approval  was  given  by  AFOSR  after 

consultation  with  the  Air  Force  Laboratories. 

C.  Subcontracts  were  negotiated  with  the  universities.  The 
period  of  performance  of  the  subcontract  was  between  October 
1985  and  December  1986. 

Copies  of  the  final  Reports  are  presented  in  Volumes  I  through  III 
of  the  1985  Research  Initiation  Program  Report.  There  were  a  total  of  8? 
RIP  awards  made  under  the  1985  program. 


MINI -GRANT  RESEARCH  REPORTS 


198b  RESEARCH  INITIATION  PROGRAM 


Technical 
Report 

Number  Title  and  Mini -Grant  No 

Vo  1 ume  I 

1  Individual  Differences  in 
Abilities.  Learning,  and 
Cognitive  Processes 
760-0MG-02  7 

2  Maximum  Voluntary  Hand  Grip  Dr.  Samuel  Adams 

Torque  for  Circular  Electrical 

Connec  tors 
760-0MG-068 

3  Temperature  Dependence  of  Ion-  Dr.  Lucia  Badcock 

Molecule  Association  Reactions: 

Halide  Ion  Addition  Reactions 
760-0MG- 1  OS 

4  Report  Not  Received  In  Time.  Dr.  Richard  Bertrand 

Will  Be  Provided  When  Available. 

760  0MG-09S 

5  Metaphor  and  Machines:  Dr.  Peter  J.  Binkert 

A  New  Look  at  Case  Theory 

760-0MG-031 

6  Speech  Produced  at  Various  Dr.  Zinny  S.  Bond 

Acceleration  Levels 

76O-ONG-033 

7  Creating  Projected  Images  Dr.  Kevin  W.  Bowyer 

760-0NG-001 

8  Computer-Based  Instruction:  Effect  Dr.  Linda  J.  Buehner 

of  Cognitive  Style,  Instructional 

Format,  and  Subject-Matter  Content 
760-0MG-08S 

9  Nonlinear  Feedback  Controls  for  Dr.  Connie  K.  Carrington 

Two-Link  Robotic  Manipulators 

760  0MG-097 


Professor 

Dr.  Phi  1 1  ip  L.  Ackerman 


10  Investigation  of  the  AFWAL  PNS 

Algorithm  and  Its  Relationship  to 

Heat  Transfer  Calculations  at 

Hypersonic  Velocities  in 
Comparison  to  Classical  Boundary 
Layer  Theory 
760-0MG-061 


Or.  Robert  R.  Chamberlain 


11 


12 


13 


14 


15 


16 


1  7 


18 


19 


20 


X-Ray  Topographic  and  X-Ray 
Rocking  Curve  Analysis  Charac¬ 
terization  of  Undoped  Simi- 
Insulating  GaAs 
760-0MG-0S0 


Or.  Jharna  Chaudhuri 


An  Experimental 
Jet  Flames 
760-0MG-052 


Investigation  of 


The  Fourier  Transform  of  Splines 
760-0MG-058 

Stochastic  Modelling  of 
Oetenation  Locations 
7600MG-006 

Evaluation  of  Selected  Parameters 
Which  Affect  When  Measured 
Using  HPLC  Instrumentation 
760-0MG-042 

Investigation  of  the  Effects  of 
an  Applied  Electric  Field  on 
the  InP  Melt 
760-0MG-014 

Below-Melt-Threshold  Excimer- 
Laser  Annealing  of  GaAs 
760-0MG-023 

A  S imu lator-Based  Approach  to 
Training  in  Aeronautical  Decision 
Making 
760-QMG  -073 

EPR  and  IR  Absorption  Study  of 
Simi-Insulating  Gallium  Arsenide 
760  -0MG-026 

Development  of  ONA  Probes  for 
Mycoplasma  hominis  and  Ureaplasma 
urea lyt icum 
760 -0MG-036 


1 1  i 


Or.  Lea  0.  Chen 


Or.  Oavid  B.  Choate 


Or.  Xaren  C.  Chou 


Dr.  Gale  J.  Clark 


Dr.  David  R.  Cochran 


Or.  Alvin  0.  Compaan 


Dr.  Thomas  J.  Connolly 


Or.  Bi 1 ly  C .  Covington 


Or.  Vito  G.  DelVecchio 


Report  Not  Received  In  Time. 

Will  Be  Provided  When  Available. 
760-0NG-008 

Energetic  Materials  via  Alkoxy- 
f  luor inat ions  of  Unsaturated 
Systems  with  Xenon  Difluoride 
760-0MG-07S 

Charac teri zat ion  of  Alkoxide 
Derived  Zirconia  Toughened 
Fused  Silica 
760-0MG-087 

Determination  of  the  Response 
of  a  BGO  Sc  inti  1 lator 
760-0MG-01 7 

Order  Parameter  Treatment 
of  a  Vertical  Shear  Layer 
760-0MG-059 

A  System  Approach  to  Bias 
Correction  of  IRLV  Measurements 
of  Turbulent  Flows 
760-0MG-076 

Report  Not  Received  In  Time. 

Will  Be  Provided  When  Available. 
760-0MG-049 

Adaptive  Estimation  Strategies 
for  Deconvolution 
760-OMG-103 

Induced  Nuclear  Radiation  Dose 
in  a  Simulated  Standard  Man 
with  Implications  on  Aircrew 
Survi vabi 1 i ty 
760-0MG-01 6 

Photothermal  and  Photochemical 
Properties  of  Melanin  and  Their 
Role  in  Light  Induced  Degrad¬ 
ation  of  the  Retina 
760-0MG-106 

Simultaneous  Lidar  Measurements 
of  the  Sodium  Layer  at  the  Air 
Force  Geophysics  Laboratory  and 
the  University  of  Illinois 
760-0MG-047 


Dr.  Hermann  J.  Donnert 


Dr.  Melvin  Druelinger 


Or.  Charles  H.  Drummond 


Dr.  Hudson  B.  Eldridge 


Dr.  John  E.  Erdei 


Dr.  Dah-Nien  Fan 


Dr.  John  Flach 


Dr.  John  A.  Fleming 


Or.  Bessie  Ruth  Foster 


Dr.  James  M.  Gal  las 


Dr.  Chester  S.  Gardner 


7WW 


Dr.  Ramana  Grandhi 
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35 


36 


37 


38 


39 


40 


41 
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Optimum  Design  of  Structures  with 
Multiple  Constraints 
760-OMG-041 


Solid  Fuel  Ramjet  Combustion  Flow  Dr.  Mahesh  S.  Greywall 
760-OMG-019 


Automated  Image  Processing  Dr.  Barry  N.  Fiaack 

Techniques  For  Landsat  Thematic 
Mapper  Data 
760-0MG-093 

Effect  of  High  Free-Stream  Dr.  Je-chin  Han 

Turbulence  on  Turbolent  Boundary 

Layer  Flow  and  Heat  Transfer 

Layer  Flow  and  Heat  Transfer 

760-0MG-01 8 

Detector  Placement  and  Particle  Mr.  Robert  Howard 

Size  Interpretation  for  a  Multiple 
Ratio  Single  Particle  Counter 
760-0MG-083 

Some  Remarks  on  the  Mantle  Flow  Dr.  Albert  T.  Hsui 

Structure  Beneath  Passive  Con¬ 
tinent  Margins  and  the  Associated 
Surface  Geoid  Responses 
760-0MG-054 

Appointment  made  too  late  for  Dr.  Clifford  T.  Johnston 

research  to  be  completed. 

760-0MG-077 

Photoluminescence  Excitation  Dr.  Patrick  L.  Jones 

Spectroscopy  for  III-V  Semi¬ 
conductor  Characterization 
760-0MG- 1 1 3 


Electrical  and  Optical  Character-  Or.  Prasad  K.  Kadaba 
ization  of  Iodine-doped  Poly-p- 
phenylene-benzo-bis-thi azole  ( PBT) 

760-0MG-062 


Synthesis  of  Novel  Or.  James  J.  Kane 

Polybenzimidazoles 

760-0NG-025 

Report  Not  Received  In  Time.  Dr.  Amir  Karimi 

Will  Be  Provided  When  Available. 

760-0MG- 1 1 0 


43 

The  Multi-Weapon  Multi-Target 
Multi-Phase  Assignment  Problem 
760-0MG-088 

Stephan  E . 

Kol i tz 

44 

Route  Planning  Problem 

760-OMG-01 5 

Dr. 

Benjami 

in  Lev 

45 

Statistical  Performance  Measures: 
Relating  Air  Force  Mission 
Capability  to  Base  Supply  Measures 
760-0MG-099 

Dr. 

Edward 

Lewis 

46 

Investigating  the  Linkages 

Dr. 

Philip 

M.  Lewis 

Between  Family  Factors  and  Job 
Attitudes  in  the  Air  Force 
760-0MG-01 2 
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47  Dynamic  Task  Scheduling  With 

Resource  Requirements  In  Hard 
Real-time  Distributed  Computer 
System 
760  -0MG-092 


Dr.  Dar-Biau  Liu 


Ihe  Development  of  the  low  and 
Three-Dimensional  Grid 
Optimization  Methods 
760  0MG-004 

Plasma  Source  Development 
760-0MG-104 

Appointment  made  too  late  for 
research  to  be  completed. 
760-0MG-034 

Report  Not  Received  In  Time. 

Will  Be  Provided  When  Available. 
760-0MG-101 

High  Performance  Liquid  Chroma¬ 
tography  Studies  of  Thermal  Decom¬ 
position  of  1 ,4-Butanedianvnont ium 
0  i  n i trate 
760-0MG-072 


S3  An  Investigation  of  Beam  Profiling 

Methods  with  Improved  Resolution 
and  Dynamic  Range 
760-0MG-0/4 
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49 


50 


51 


52 
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Dr.  C.  Wayne  Mastin 

Dr.  Bernard  McIntyre 

Dr.  Rex  C.  Moyer 

Dr.  James  Mrotek 

Or.  Maurice  C.  Neveu 


Dr .  Robert  0 ' Conne 1 1 


54 


Or.  Boake  Plessy 


Studies  of  Age-Related  Changes 
in  Glycosaminoglycans  from  Cornea 
Using  Raman  Spectroscopy: 

Instrument  Development 
760-0MG-080 

55  Adaptive  Grid  Generation  Techniques  Mr.  Chris  W.  Reed 
for  Transonic  Projectile  Base 

Flow  Problems 
760-0MG-040 

56  Appointment  made  too  late  for  Or.  John  Renie 

research  to  be  completed. 

760-0MG-1 1 2 

57  Numerical  Modeling  and  Inversion  Dr.  James  P.  Riehl 

of  63  mm  Earthlimb  Emission 

From  Atomic  Oxygen 
760-0MG-044 

58  Validation  of  the  Elasto-  Or.  Joseph  E.  Saliba 

Viscoplast  ic 

760-0MG-024 

59  Microbiology  of  the  legionelle  Or.  Gordon  D.  Schrank 

760-0MG-094 

60  Report  Not  Received  In  Time.  Or.  Ronald  Sega 

Will  Be  Provided  When  Available. 

760-0MG-107 

61  Molecular  Modeling  of  Pharmaco-  Dr.  Paul  G.  Seybold 

kinetic  Oata 

760-0MG-064 

6 2  Digital  Simulation  of  Surface-to-  Or.  Shawky  E.  Shamma 
Air  Missiles  and  Smoothing  of 

Cinetheodol ite  and  Radar  Oata 
760-0MG-002 

Vo  1 ume  1 1 1 

63  Indoor  Radon  Pollution  Or.  Ralph  W.  Sheets 

760 -0MG-032 

64  Reliability  of  Systems  with  Or.  Kyle  Siegrist 

Random  Transfer  of  Control 

760-OMG-01 3 

65  Advanced  Propellant  Formulations:  Dr.  Ricardo  Silva 

Application  of  New  Synthetic 

Strategies  to  Useful  and  Energetic 

Intermediates 

760-0MG-066 


66  Studies  on  ''tombus  t  i  on  of  Liquid  Dr.  Siavash  H.  Sohrab 

Fuel  Sprays  in  Stagnation  Flows. 

760-0MG-069 

6/  Monitoring  E nv i ronmenta 1  Quality  Dr.  Richard  G.  Stebbins 

by  Metabolite  Analysis 
760-0MG-082 

68  Use  of  Iwo  Simple,  Micro-based  Dr.  Bob  W.  Stewart 

Models  in  Analysis  of  Geotechnical 

Test  Oata 
760-0MG-063 

69  The  Role  of  Antioxidants  Nutrients  Or.  William  L.  Stone 

in  Preventing  Hyperbaric  Oxygen 

Damage 
760  OMG-037 

70  Representat ion  and  Propogation  in  Dr.  Thomas  A.  Sudkamp 

Hierarchical  Domains 

760-0MG-022 

71  Report  Not  Received  In  Time.  Dr.  William  Holt  Sutton 

Will  Be  Provided  When  Available. 

760-0MG-091 

12  Report  Not  Received  In  Time.  Dr.  Robert  Swanson 

Will  Be  Provided  When  Available. 

760-0MG-067 

73  Analysis  of  Layered  Structures  Dr.  Joseph  W.  Tedesco 

to  Resist  81ast  Effects  of 

Conventional  Weapons 
760-0MG-007 

74  Report  Not  Received  In  Time.  Dr.  Walter  E.  Trafton 

Will  Be  Provided  When  Available. 

760-0MG-053 

75  Case  Study  Analyses  of  Milli-  Dr.  Larry  Vardiman 

meter  Wave  Length  Attenuation 

760-0MG-01 0 

76  Report  Not  Received  In  Time.  Dr.  Christian  C.  Wagner 

Will  Be  Provided  When  Available. 

760-0MG-030 

77  Assessment  of  the  Stability  and  Dr.  Richard  C.  Walker 

Control  Computer  Program  for 

Conceptual  Aircraft  Design 
760-0MG-045 
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I'.'v 


78 


Report  Not  Received  In  Time. 

Will  8e  Provided  When  Available. 
760-0MG-07 I 


Or.  Yin-min  Wei 


79  Development  of  High  Strength  Beta  Or.  Isaac  Weiss 
Titanium  Alloys  Via  Rapid 

Solidification  Processing —  The 
Cbarsening  of  Erbium  Oxide  in 
Ti-15V-3Al-3Sn-3Cr  8eta  Titanium 
Alloy, 

760-0NG-086 

80  Report  Not  Received  In  Time.  Or.  Jesse  Williams 

Will  Be  Provided  When  Available. 

760-0NG-038 

81  Labeling  the  topographic  Features  Or.  David  Wilson 

of  an  Infrared  Image 

760-0MG-003 

82  Radiation  from  Flying  Through  Dr.  Arthur  Woodrum 

Nuclear  Debris  Clouds 

760-0MG-035 
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ABSTRACT 

Indoor  air  pollution  from  radon  and  Its  daughter  decay  products  is  a 
significant  health  problem  to  those  who  live  and  work  In  buildings  with 
higher  than  average  concentrations.  Studies  were  carried  out  to 
determine  the  range  and  distribution  of  radon  and  Its  daughters  In 
southwest  Missouri,  and  to  develop  some  understanding  about  how 
distribution  of  radon  and  Its  daughters  Is  affected  by  differential 
pressures,  temperatures,  and  humidities  within  a  building.  Difficulties 
were  encountered  In  using  the  Eberllne  working  level  monitoring  system, 
but  measurements  of  radon  daughters  were  supplemented  by  grab  sampling  of 
radon  In  southwest  Missouri  buildings.  A  total  of  143  measurements  on  51 
buildings  In  southwest  Missouri  showed  Indoor  radon  concentrations  of 
0.10  to  14.3  pC1/l .  Only  3  of  the  51  buildings  (6*)  had  concentrations 
greater  than  4  pC 1/1  In  areas  where  people  live  or  work.  Multiple 
regression  analysis  on  data  collected  In  the  basement  and  first  floor  of 
a  two  story  house  showed  that  changes  In  working  levels  In  the  basement 
and  on  the  first  floor  are  weakly,  but  significantly,  correlated:  both 
Increase  or  decrease  together.  The  working  levels  are  also  correlated 
with  ventilation  conditions  In  the  house.  The  working  level  In  the 
basement  shows  a  direct  correlation  with  temperature  differentials 
between  the  first  floor  and  basement:  when  the  first  floor  Is  warmer 
than  the  basement,  working  level  In  the  basement  Increases;  when  the 
living  room  Is  cooler,  basement  working  level  decreases. 
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I .  INTRODUCTION 


Indoor  air  pollution  from  radon  and  Its  daughter  decay  products  is  a 
significant  health  problem  for  the  general  population  (1,2,3).  Radon-222 
is  a  radioactive  gas  formed  by  the  decay  of  radium-226.  The  main  source 
of  atmospheric  radon  Is  the  decay  of  radium  In  rocks  and  soils,  although 
there  are  other  sources  such  as  groundwater,  natural  gas,  volcanic  gases, 
and  combustion  of  coal  (3,4).  Radon  decays  with  a  3.82  day  half-life  to 
form  a  series  of  short-lived  (half-lives  less  than  30  minutes) 
radioactive  daughter  elements:  polonium-218,  lead-214,  bismuth-214,  and 
polonium-214.  These  daughters  are  potent  lung  carcinogens  (5). 

Radon  Is  chemically  unreactive,  and  Inhaled  radon  is  exhaled 
essentially  without  effect  (6).  The  daughters,  however,  are  charged 
species,  many  of  which  attach  themselves  to  particulates  in  the  air. 

When  Inhaled,  either  in  the  unattached  or  attached  forms,  these  may  be 

deposited  In  the  lungs  where  they  cause  damage  to  living  cells  (6). 

Unattached  daughters  are  preferential ly  deposited  In  the  upper  passages 
of  the  respiratory  tract  where  lung  cancers  are  known  to  develop  among 
uranium  miners  exposed  to  airborne  radon  (7).  Thus  the  major  health 
effect  associated  with  radon  Is  thought  to  be  production  of  lung  cancers 
by  radon  decay  daughters,  especially  the  unattached  fraction. 

#*■ 

The  concentrat ion  of  outdoor  radon  over  the  contiguous  United  States 
Is  estimated  to  be  about  0.25  pCl/1  (4).  Diffusion  of  radon  into 

buildings  from  the  soil  underneath  often  results  in  Indoor  concentrations 
much  higher  than  the  outdoor  levels.  Typical  concentrat Ions  in  the  U.S. 
average  0.2  to  4  pCl/1  (3),  but  some  indoor  concentrations  have  been 
found  to  exceed  the  OSHA  standard  for  radon  in  uranium  mines  (about  66 

♦ 

pCi/1)  (1).  the  Environmental  Protection  Agency  estimates  that  from 
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about  5,000  to  20,000  lung  cancer  deaths  a  year  In  the  U  S.  may  be 
attributed  to  radon  and  has  established  a  maximum  safe  lifetime  exposure 
limit  of  0.02  working  level  (WL),  or  about  4  picoCuries/1  Iter  of  air 
(PCI/1).  (8).  It  Is  expected  that  the  increase  in  numbers  of  tight, 

energy-efficient  houses  in  recent  years  will  Increase  the  exposure  of 
occupants  to  radon  daughters. 

The  radon  pollution  problem  is  of  particular  Importance  to  the 

United  States  Air  Force  Occupational  and  Environmental  Health 
Laboratory.  Not  only  are  USAF  personnel  around  the  world  exposed  to 
normal  radon  daughter  concentrations  in  areas  where  they  live  and  work, 
but  there  are  a  number  of  sites  and  Installations  where,  it  may  be 
speculated,  there  is  special  concern.  These  areas  Include  airplane 

graveyards,  underground  missile  silos,  and  hardened  USAF  installations  in 
areas  such  as  Colorado,  where  soil  concentrations  of  radium  are  known  to 
be  high. 

In  order  to  asess  the  seriousness  of  Indoor  radon  daughter  pollution 
with  respect  both  to  the  general  public  and  to  USAF  personnel,  many  more 
studies  need  to  be  carried  out.  Even  the  extent  of  radon  daughter 

pollution  is  unknown.  Although  measurements  have  been  made  on  thousands 
of  houses  in  the  U.S.,  for  example,  there  are  still  entire  states  for 
which  no  values  have  been  reported.  Behavior  of  Indoor  radon  is  not  well 
characteri zed .  Concentrations  are  known  to  vary  not  only  with  time  of 

day  and  story  above  ground,  but  with  geographic  and  meterologica 1 

conditions  (4).  Outdoor  radon  has  been  shown  to  vary  seasonally,  but 

apparently  few  measurements  of  seasonal  variation  of  indoor  background 

levels  have  yet  been  reported  (4).  Finally,  much  remains  to  be 
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understood  about  how  distribution  of  radon  In  multistory  buildings  Is 
affected  by  differences  In  pressure,  humidity,  and  temperature. 


z< 


It  has  been  recommended  (3)  that  studies  of  Indoor  radon  and  radon 
daughter  concentrations  be  carried  out  to  determine  the  range  and 
distribution  of  radon  and  Its  daughters  In  buildings,  and  to  understand 
the  behavior  of  radon  and  its  daughters  In  buildings. 

The  project  described  In  this  paper  was  carried  out  to  contribute  to 
this  effort. 

II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT 

A.  The  original  objectives  of  the  research  effort  were: 

a)  to  determine  the  range  and  distribution  of  radon  and  Its  decay 
products  In  buildings  In  southwest  Missouri;  and 

b)  to  develop  some  understanding  about  how  the  distribution  of  radon 
and  Its  daughters  Is  affected  by  differential  pressures,  temperatures, 
and  humidities  within  buildings. 

In  pursuit  of  these  objectives,  the  following  goals  were  selected: 

1.  A  Survey  of  Indoor  Radon  Daughters  In  Southwest  Missouri  --it  was 
decided  that  twenty  buildings.  Including  both  residences  and  office 
buildings  In  the  Springfield,  Missouri  area  would  be  surveyed  to 
determine  typical  radon  daughter  levels.  In  buildings  chosen  to 
represent  a  variety  of  locations  and  types,  radon  daughter  concentrations 
were  to  be  continuously  monitored  over  a  24-hour  period.  In  this  way  it 
was  hoped  to  Identify  buildings  with  elevated  levels  of  radon. 

2.  Measurement  of  Diurnal  and  Seasonal  Variations  of  Indoor  Levels  -One 
residence  was  to  be  selected  for  continued  periodic  measurement  of  radon 
daughter  working  levels.  It  was  planned  that  once  a  week  during  the 
entire  research  period,  working  levels  In  the  residence  would  be 


continuously  monitored  for  a  24-hour  period.  The  residence  was  to  be  one 
in  which  normal  living  a  :1vities  were  to  be  carried  out  under  a  variety 
of  ventilation  conditions. 

3.  Investigation  of  the  Influence  of  Pressure-,  Humidity-,  and 
Temperature-Dlf ferentials  Within  a  Building  on  Radon  Daughter 
Distribution  — In  a  selected  multistory  residence,  concentration  of  radon 
daughters  in  the  basement  and  a  room  on  the  main  floor  were  to  be 
simultaneously  monitored  for  continuous  periods  of  several  days.  At  the 
same  time,  the  air  temperatures ,  barometric  pressures,  and  relative 
humidities  of  the  two  areas  were  to  be  continuously  monitored.  It  was 
hoped  that  compar1,jn  of  data  from  these  two  areas  would  reveal  whether 
or  not  there  is  a  symmetry  in  the  growth  and  decline  of  daughter 
concentrations  as  air  Is  transferred  between  floors,  and  whether  or  not 
periods  of  daughter  growth  and  decline  coincide  with  Intrastructure 
difference,  in  temperature,  pressure,  and  humidity. 

It  was  planned  that  all  measurements  of  radon  daughters  would  be 
made  using  an  fberlfne  radon  working  level  monitoring  system  Such  a 
system  was  acquired  and  tested.  In  use,  unfortunately,  the 
mlc rocomputeri zed  fberline  system  (consisting  of  one  working  level 
readout  unit  and  two  working  level  monitors)  proved  to  be  extremely 
unreliable  and  erratic.  During  an  entire  9 -month  period  of  attempted 
use,  the  system  operated  sat isfactori ly  for  fewer  than  30  days.  (See 


Append  lx.) 

As  a  result, 
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other  hand  ,  It  was  possible  to  greatly  expand  the  radon  survey  In 
southwest  Missouri  by  making  use  of  Lucas  grab  sampling  for  radon  gas 
(9)  to  supplement  the  relatively  few  measurements  of  radon  daughters. 


8.  Revised  Goals  of  Research  Effort 
The  revised  goals  of  this  study  were: 

1.  Evaluation  of  the  Eberllne  Working  Level  Monitoring  System  Under 
Field  Conditions  -This  would  Include  calibration  of  system. 
Intercomparison  of  working  level  monitors,  and  comparison  of  working 
level  monitor  measurements  with  measurements  made  using  a  modified 
Tsivoglou  method. 

2.  Investigation  of  Influence  of  Pressure-,  Temperature-,  and 
Humidity-Differentials  Within  a  Building  on  Radon  Daughter  Distribution 

This  would  require  multiple  regression  analysis  of  data  obtained 
through  simultaneous  measurements  of  radon  daughters,  pressures, 
temperatures ,  and  humidities  In  two  different  locations  within  a 
bul ldlng. 

3.  A  Survey  Of  Indoor  Radon  Levels  In  Southwest  Missouri  -This  would 
Include  measurements  of  radon  gas  In  approximately  50  buildings  to 
supplement  the  few  measurements  of  radon  daughters  obtained  In  the 
Springfield,  Missouri  area. 

Experimental  procedures  and  results  pertaining  to  each  of  these 
three  goals  are  discussed  below  In  Sections  111,  IV,  and  v, 
respec  1 1 ve 1 y . 
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III.  EVALUATION  OF  EBERLINE  WORKING  LEVEL  MONITORING  SYSTEM  UNDER 


FIELD  CONDITIONS 
A.  Apparatus 

Continuous  monitoring  of  radon  decay  daughters  was  carried 
out  with  an  Eberllne  radon  working  level  monitoring  system  consisting 
of  two  portable  battery  operated  CMOS-mlcrocomputer  monitors  (Model 
WLM-l-A)  and  a  programmable  readout  unit  (Model  WLR-1-A).  The  monitors 
can  operate  unattended  for  up  to  one  week,  continuously  drawing  air 

from  the  environment  and  collecting  radon  daughters  on  a  filter.  Alpha 
emissions  from  the  daughters  are  measured  using  a  silicon  diffused 
junction  detector.  The  alpha  counts  are  stored  for  preprogrammed 
Intervals  of  1  to  60  minutes.  The  data  points,  along  with  parameters 
used  for  taking  data,  are  transferred  to  the  readout  unit. 
Calculations  and  data  printout  are  performed  by  the  readout  unit.  The 

system  has  a  stated  detection  limit  of  0.00002  WL  (working  level)  and 

an  upper  limit  of  100  WL.  Field  testing  of  the  system  by  Eberllne 
scientists  showed  that  calibration  with  an  electroplated  alpha  source 
gave  the  same  results  (within  <-  or  -  16%)  as  calibration  In  a  radon 

chamber.  The  coefficient  of  variation  between  monitoring  units  was 
within  10%.  It  was  also  shown  that  measurements  made  with  the  Eberllne 
system  gave  woking  level  values  comparable  to  those  obtained  by  a 
modified  Tslvoglou  and  a  modified  Kusnetz  technique  (10). 

During  the  present  Investigation,  simultaneous  measurements  from 
two  WI.M-l's  (#306  and  #372)  were  compared  with  each  other  and  with 
measurements  made  using  Thomas'  three  Interval  count  method.  For  the 
latter  mea surements ,  the  sampling  system  consisted  of  a  l.udlum  Model 
2200  battery  operated  scaler;  a  ludlum  Model  182  radon  flask  counter;  a 
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Gast  pump  with  a  free  air  displacement  of  113  1/min;  a  Lab  Crest 
Scientific  Model  100  H  Century  flowmeter;  Millipore  0.80  micron 
cellulose  ester  filters;  and  alpha  phosphor-on-Mylar  discs  (William  B. 
Johnson  and  Associates,  Research  Park,  Montville,  NJ). 

B.  Measurement  Techniques 

The  Eberline  system  uses  an  integrated  gross  alpha  counting 

approach.  In  use,  a  WLM  (monitor  unit)  is  connected  to  the  WI.R 

( readout  unit)  and  the  following  parameters  are  entered:  WLM  number;  a 
location  code;  sampling  Interval  (1  to  60  minutes);  sample  quantity  (1 
to  200  data  points);  tail  Interval  (1  to  60  minutes);  tail  quantity  (0 
to  200  points);  and  start  time.  The  tail  interval  is  the  length  of 
time  for  each  data  point  taken  during  decay  of  filter  activity  after 
sampling  is  complete  and  the  pump  is  turned  off.  From  the  decay 
behavior  during  the  tail  Interval,  the  program  determines  whether 

thoron  (Rn  220)  is  present  along  with  radon  (Rn-222). 

The  following  description  of  the  working  level  monitor  is  taken 
from  Fberline's  Technical  Manual  (11): 

The  working  level  monitor  provides  the  functions  of  sample 
collection  and  data  storage.  It  is  microcomputer  based  and  battery 

powered.  Extensive  use  of  CMOS  circuitry  provides  sampling  periods  of 
up  to  one  week.  The  data  collection  parameters  are  input  via  the 
working  level  readout  unit.  These  parameters  are  used  by  the  WLM  to 
collect  an  operator  selected  number  of  data  points  over  the  sample 
period  These  data  points  are  stored  in  memory  until  retrieved  by  the 
WLR.  Air  is  drawn  through  a  membrane  filter  by  a  small  punp.  The  flow 
rate  of  the  pump  is  controlled  by  the  microcomputer .  Radon  daughters 
are  collected  on  this  filter  and  their  decay  is  detected  by  a  silicon 
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diffused  junction  alpha  detector.  The  detector  signal  is  amplified  and 
threshold  discriminated.  The  output  from  the  discriminator  is  counted 
by  the  microcomputer.  Start-up  initiates  a  time  interval  clock  in  the 
microcomputer  which  is  used  to  sense  a  preset  sample  period  starting 
time.  At  a  time  of  one  time  interval  plus  one  second  prior  to  the 
start  time, the  WLM  begins  by  taking  a  background  measurement.  After 
measurement  is  complete  the  start  time  occurs,  and  the  microcomputer 
turns  the  pump  on  and  the  WLM  counts  the  activity  on  the  filter  paper 
for  the  total  time  period  specified  by  the  parameters  input  by  the 
operator.  The  time  of  each  interval  and  number  of  intervals  specified 
determine  the  total  period.  A  total  count  value  for  each  interval  is 
stored.  At  the  end  of  the  sampling  period,  the  pump  is  turned  off  and 
activity  on  the  filter  paper  is  allowed  to  decay.  This  decay,  or  tail 
period,  is  counted  for  four  hours.  The  tail  data  and  count  value  are 
stored.  In  addition,  if  specified  in  the  parameters,  counts  for 
individual  tail  intervals  may  be  stored.  The  readout  unit  then 
includes  the  four  hour  tail  counts  in  the  working  level  calculation  and 
corrects  for  thoron  contribution  by  half-life  evaluation.  The 
background  measurement  aids  in  qualifying  the  data  validity  by  proving 
the  counting  system  is  not  noisy.  When  the  WLM  has  completed  its 
sample  period  and  tail  data  collection,  it  turns  off  all  power  except 
to  the  mi c rocomputer .  It  then  goes  into  a  low-power  operating  mode  to 
preserve  data  for  long  periods  after  data  collecion. 

The  comparison  method  used  was  a  technique  developed  by  Thomas 
(1?)  for  determination  of  the  radon  daughters  RaA(polonium-218) , 
Ra8( lead -214) ,  and  RaC(bismuth-214) .  Air  is  drawn  through  a  filter  for 
a  specified  time  and  the  total  alpha  disintegrations  in  three  selected 


time  Intervals  are  counted.  The  equations  relating  air  concentrations 
of  the  daughters  to  the  Interval  counts  are: 

C2  =  (0.1 698G(  2,5)  -  0 . 0820G{  b ,  20)  t-  0 . 0775G(  21  , 30) 

-0.056oR)/Vt  (1) 

C3  =  ( 0 . 001 2G( 2,5)  -  0. 0206G( 6 , 20)  f  0 . 0491 G( 21 , 30) 

-0 . 1 575R) /VE  (2) 

C4  =  ( -0.0225G(2,5)  +  0 . 0332G( 6 , 20)  -  0.0377G(21 ,30) 

-0 . 0576R) /VE  (3) 

where  C2  Is  RaA  concentration ,  pC1/l;  C3  is  RaB  concentration,  pCi/1; 
C4  Is  RaC  concentration,  pCl/1;  V  Is  sampling  flow  rate,  1/mln;  E  is 
the  counter  efficiency,  cpm/dpm;  G(x,y)  is  the  gross  number  of  alpha 
counts  from  x  to  y  minutes  after  end  of  sampling;  R  is  background 

counting  rate,  cpm;  and  the  sampling  time  is  5  minutes. 

From  these  concentrations,  the  potential  alpha  '  energy 

concentration  (PAEC),  In  working  level  units,  may  be  calculated: 

PAEC  -  0.0010256(C2)  <-  0.0050624(C3)  +  0.0037247(C4)  (4) 

The  experimental  procedure  for  determination  of  radon  daughter 

concentrations  and  PAEC's  is  as  follows:  A  0.45  millimicrom  filter  is 
placed  face  down  on  an  alpha  phosphor-on-Mylar  disc.  This  is  placed  in 
intimate  contact  with  the  photomultiplier  tube  in  a  l.udlum  radon  flask 
counter  and  counted  with  a  ludlum  scaler  for  30  minutes.  Typical 
background  rates  are  0.02  to  0.03  cpm.  The  filter  is  connected  to  a 
Gast  pump  metered  with  a  calibrated  rotameter.  Air  is  drawn  through 
the  filter  at  a  constant  rate  for  exactly  5  minutes.  The  filter  is 
removed  and  transferred  face  down  to  the  counting  chamber.  After  2 
minutes  from  the  end  of  the  sampling,  gross  alpha  counts  are  recorded 

until  the  end  of  the  fifth  minute.  Counts  are  subsequently  recorded 


for  the  6-20  and  the  21-30  minute  Intervals.  Concentrations  of  radon 
daughters  and  PAEC's  are  calculated  using  a  Hewlett-Packard  15C 

calculator,  or  an  Apple  II  computer,  and  Equations  (1)  -  (4). 

C.  Calibration  of  Instruments 

The  Eberline  system  was  calibrated  according  to  instructions  in 
the  Working  Level  Monitor  Technical  Manual  (11).  Counting  efficiencies 
of  both  the  Eberline  monitor  and  the  Ludlum  radon  counter  were 

determined  by  comparison  with  an  electroplated  Thorium-230  alpha  source 
which  is  NBS  traceable. 

Air  flow  rates  were  measured  with  a  rotameter  which  had  been 
calibrated  with  a  soap  bubble  flowmeter  for  standard  conditions.  The 
rotameter  was  then  calibrated  with  a  filter  in  place  by  measuring  the 
pressure  drop  across  the  filter  and  calculating  a  flow  rate  corrected 
to  standard  conditions. 

D.  Field  Measurements:  Results  and  Discussion 

Two  WLM's  (Nos.  306  and  372)  were  calibrated,  programmed  to 

count  for  24  1 -hour  periods,  and  placed  side  by  side  in  the 

laboratory.  At  the  end  of  24  hours,  the  printout  showed  an  average 
working  level  as  measured  by  No.  372  of  0.00121  +/-  5.77%.  Individual 
hourly  averages  ranged  from  0.000435  to  0.00167  WL.  The  24-hour 
average  as  measured  by  No.  306  was  0.186  +/-  0.55%,  with  hourly 
averages  ranging  from  0.000350  to  1.46  WL.  Comparison  of  printouts 

showed  that  values  measured  by  No.  306  correlated  well  with  those 
measured  by  No.  372  (differences  less  than  20%)  for  the  first  20 

hours.  They  then  increased  rapidly  until,  for  the  24th  hour.  No.  306 
reported  1.46  WL  while  No.  372  reported  0.00111  WL .  Repeated  tests  of 


this  kind  showed  that  No.  306  behaved  unpredictably,  sometimes 
reporting  values  as  great  as  4000  times  the  correspondi ng  values 
reported  by  No.  372. 

The  performance  of  WLM  No.  372  was  checked  by  comparison  with  PAF.C 
measurements  carried  out  by  the  Thomas  method  (12).  The  two  methods 
gave  results  which  agreed  reasonably  well,  with  values  measured  by  No. 
372  being  in  the  range  of  0.88  to  1.36  times  the  corresponding  values 
measured  by  Thomas'  method  (at  an  ambient  working  level  of  about  0.001). 

After  WLM  No.  306  had  been  repaired  by  Eberline,  comparative  tests 
of  the  two  WLM's  showed  better  agreement  over  extended  periods  of 
time.  As  an  example,  side-by-side  measurements  by  the  two  instruments 
for  168  consecutive  30-minute  periods  yielded  an  average  of  0.00106  WL 
for  No.  372  and  0.00116  WL  for  No.  306.  In  general,  hourly  working 
levels  measured  by  the  two  monitors  increased  and  decreased  in  the  same 
order,  although  occasionally  one  value  increased  while  the  other 
decreased.  Differences  between  two  corresponding  values  were  as  small 
as  zero  and  as  great  as  100%.  Figure  1  shows  typical  plots  for  WLM's 
306  and  372  measuring  30-minute  averages  over  a  24-hour  period.  When 
counts  were  averaged  over  60-minute  periods,  agreement  between  the  two 
curves  was  somewhat  better. 

During  the  three-week  period  succeeding  the  test  shown  in  Figure 
1,  WLM  No.  306  appeared  to  function  properly.  The  experiments 
described  in  Section  IV  below  were  carried  out  during  this  time. 

After  about  three  weeks,  comparative  tests  Indicated  that  No.  306 
was  again  operating  erratically.  The  monitor  was  returned  to  Eberline 
and  eventually  replaced  with  WLM  No.  325. 


In  the  meantime,  WLM  No.  372  began  displaying  apparent  erratic 
behavior  and  was  returned  to  Eberllne.  Subsequent  tests  at  the  factory 
failed  to  disclose  any  malfunctioning  of  No.  372,  and  It  was  suspected 


that  the  problem  concerned  the  readout  unit,  WLR  No.  161. 

By  the  end  of  the  grant  period,  the  Eberllne  Working  Level 
Monitoring  system  was  completely  inoperable  (see  Appendix).  The  entire 
system  performed  satisfactorily  for  a  total  period  of  less  than  one 
month  during  the  nine-month  period  of  testing  and  evaluation. 
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IV.  INVESTIGATION  OF  THE  INFLUENCE  OF  PRESSURE-.  TEMPERATURE-.  AND 


HUMIDITY-DIFFERENTIALS  WITHIN  A  BUILDING  ON  RADON  DAUGHTER  DISTRUBUTION 
A.  Introduction 

In  multistory  houses,  radon  concentrations  are  usually 
greatest  at  the  lowest  levels  and  decrease  In  upper  stories  (4).  There 
Is  some  evidence  which  suggests  that  transport  of  air  between  floors 
can  account  for  radon  concentration  changes  that  are  too  rapid  for  air 
exchange  dilution  (13).  Thus  measurements  of  radon  concentrations  in  a 
basement  indicated  that  rapid  growth  or  decline  of  radon  often 
coincided  with  variations  in  temperature  differences  between  the  main 
floor  and  basement.  In  other  studies,  indoor  radon  concentrations  have 
been  found  to  vary  Inversely  with  barometric  pressure,  with  the  rate  of 
change  of  pressure  being  more  important  than  the  actual  value  (2). 
Additionally,  since  radon  Is  soluble  in  water,  it  may  be  supposed  that 
humidity  changes  can  affect  indoor  radon  and  radon  daughter 
concentrations.  In  order  to  investigate  whether  air  movement  between 
floors  due  to  pressue,  humidity,  or  temperature  differences  has  a 
significant  effect  on  radon  dlstrlbut ion,  the  following  experiment  was 
carried  out. 

In  a  residence  which  had  previously  been  found  to  have  radon  in 
the  range  of  0.26-3.58  pCi/1  and  PAEC  in  the  range  of  0.0005-0.020  WL, 
concentrations  of  radon  daughters  in  the  basement  and  in  the  living 
room  above  the  basement  were  simultaneously  monitored  continuously  for 
several  days.  At  the  same  time,  the  air  temperatures,  barometric 
pressures,  and  relative  humidities  of  the  two  areas  were  continuously 
recorded.  Measurements  were  made  under  a  variety  of  ventilation  of 
conditions.  Multiple  regression  analysis  was  then  used  to  find 
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correlations  between  changes  In  daughter  concentrations,  on  the  one 
hand,  and  temperature- ,  pressure-,  and  humidity-differentials,  on  the 
other . 

B.  Experimental  Procedures 

Radon  daughter  concentrations  were  measured  by  the  Eberllne 
radon  working  level  monitoring  system  described  In  Section  111  above. 
Temperature  and  humidity  measurements  were  made  with  Cole -Parmer 
hygrothermographs .  These  Instruments  are  spring-wound,  chart-drive 
recorders  which  operate  over  a  temperature  range  of  -10  to  +50  deg.  C 
and  a  humidity  range  of  0  to  100%  RH.  Pressure  measurements  were  made 
with  Cole-Parmer  recording  aneroid  barographs.  These  Instruments 
measure  and  record  pressures  over  a  range  of  940  to  1045  millibars  with 
a  sensitivity  of  +/-  0.2  MB. 

Concentrations  of  indoor  radon  were  measured  for  comparison  with 
Wl  values.  These  measurements  were  made  by  the  Lucas  grab  sampling 
technique  (9)  described  In  Section  V  below.  Air  samples  were  collected 
in  evacuated  Lucas  flasks  and  counted  in  a  l.udlum  Model  182  radon  flask 
counter  connected  to  a  l.udlum  Model  2200  scaler. 

Multiple  regression  analysis  was  carried  out  on  an  IBM  4341 
mainframe  computer  using  the  base  SAS  (Statistical  Analysis  System) 
software  package. 

The  experiment  was  carried  out  In  the  following  manner:  The  test 
residence  is  a  frame,  two-story  house  with  a  ha  1 f -basement  which 
connects  with  a  half  crawl  space  through  open  vents.  The  living  room 
Is  on  the  first  floor  directly  above  the  basement.  The  only  entrance 
to  the  basement  Is  a  door  opening  Into  the  kitchen,  which  is  on  the 
first  floor  directly  above  the  crawl  space,  and  which  does  not  directly 
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open  Into  the  living  room.  When  this  basement  door  Is  closed,  the  most 
likely  route  for  radon  from  the  basement  to  the  living  room  Is 
diffusion  through  the  forced-air  duct  system  and  through  the  living 
room  floor.  Previous  measurements  of  radon  by  the  Lucas  grab  sample 
method  had  shown  radon  levels  ranging  from  1.85  to  3.58  pC1/l  In  the 
basement,  0.26  to  1.20  pC 1/1  In  the  first  floor  living  room,  and  0.93 
to  1.43  pC1/l  In  a  second  story  bedroom  (see  Table  1).  Measurement  of 
working  level  at  2100  hours  on  4/6/86  showed  PAEC  -  0.0103  WL  In  the 
basement  and  0.00232  WL  In  the  living  room.  Thus  It  appears  that  both 
radon  and  radon  daughter  concentrations  In  the  basement  averaged  about 
4  times  the  concentrations  In  the  living  room  throughout  the  month  of 
April,  1986,  during  which  time  the  house  was  closed  nd  heated. 

WLM's  306  and  372  were  programmed  to  count  from  0000  hours  on 
Wednesday,  June  4,  1986  to  2400  hours  on  Monday,  June  9,  1986  a  total 
of  144  consecutive  60-minute  periods.  No.  306  was  placed  In  the 
basement  of  the  test  residence  at  a  height  of  2  feet  above  the  cement 
floor.  No.  372  was  placed  In  the  living  room  directly  above  No.  306  at 
a  height  of  2  ft  above  the  carpeted  hardwood  floor.  Recording 
hygrothermographs  and  barographs  were  placed  in  the  same  two  locations. 

The  test  residence  was  occupied  by  a  family  of  three,  and  normal 
living  activities  were  carried  out  during  the  6 -day  period.  Outdoor 
temperatures  ranged  from  20  to  30  deg  C  during  the  period,  and  rain  was 
noted  on  two  of  the  six  days.  No  heating  or  cooling  devices  were  in 
operation  In  the  house  during  this  period,  and  temperature  was 
controlled  by  opening  and  closing  windows  and  doors.  A  log  was  kept  of 
times  when  the  house  was  opened  and  closed.  When  one  of  these  events 
occurred,  the  front  and  back  doors  (east  and  west  sides,  respec t i ve 1 y ) 
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together  with  1st  floor  windows  on  the  north  and  south  sides  were 
opened  or  closed  on  the  same  schedule.  Second  story  windows  on  the 
east  and  west  sides  of  the  house  were  also  opened  and  closed  on  this 
schedule.  The  only  door  to  the  basement  was  kept  closed  at  all  times 
except  to  enter  or  leave  this  space. 

At  the  end  of  the  6-day  sampling  period,  hourly  averages  for  WL 1 s 
were  printed  out  and  placed  In  a  computer  file  along  with  correspond  1 ng 
pressures,  temperatures ,  and  relative  humidities  for  the  two  sampling 
areas.  This  file  was  then  subjected  to  multiple  regression  analysis  to 
try  to  Identify  relationships  and  dependencies  among  the  several 
variables . 

C.  Results  and  Discussion 

A  Working  Level  (WL)  is  defined  as  the  total  alpha  activity  ol 
short  lived  radon  daughters  In  secular  equilibrium  with  100  pCI/l  of 
radon.  Radon  gas  entering  a  house  necessarily  leaves  some  of  its 
daughters  (which  are  solid  particles)  behind  because  of  the  filtering 
action  of  soil  and  other  materials  through  which  It  passes.  This 
filtered  radon  would  require  3-4  hours  for  a  new  secular  equilibrium  to 
be  reached  (14).  Since  the  turnover  time  for  air  In  a  room  of  a 
typical  house  Is  one  air  change  per  hour  (ACH)  or  greater  (IS),  It  is 

unlikely  that  equilibrium  between  radon  and  Its  daughters  is  ever 

reached  indoors.  Therefore,  instead  of  the  radon/WL  ratio  being  100 :!, 
It  Is  higher,  depending  on  the  degree  of  equilibrium  attained  Past 

experience  has  led  some  1 nvest igators  to  assume  a  S0%  equilibrium  state 
and  to  expect  a  Rn/WL  ratio  of  about  POO. 

Sporadic  grab  sampling  of  radon  In  the  test  house  during  the 

sampling  period  Indicated  that  the  Rn/WL  ratio  in  the  basement  averaged 


about  400:1,  and  In  the  living  room,  about  330:1. 


This  would 


correspond  to  about  ?5%  and  30%  equilibrium  In  the  respective  areas 
In  view  of  the  fact  that  %equi librium  values  decrease  as  ACH  Increases, 
these  values  seem  reasonable  for  an  older  (more  than  3b  years), 

somewhat  drafty  house  such  as  the  test  residence. 

figure  2  shows  a  plot  of  hourly  WL ' s  In  the  basement  (WIB)  versus 
WL  '  s  In  the  living  room  (WLL)  for  the  first  three  days.  It  Is  apparent 
that  there  Is  a  rough  symmetry  between  the  two  curves,  wuth  the  wi  L 
always  being  less  than  the  WIB .  Over  the  b-day  period  the  Wi  B  ranged 
between  0.0042  and  0.0195  WL,  with  an  average  value  of  0.0109  wi  for 

the  144  hours.  Values  for  the  WLL  ranged  from  0.000b  to  0.004/  WL . 
with  an  average  of  0.00138  WL .  The  ratio  of  WI L /WI  B  ranged  from  0  03  to 

0.3?  with  an  average  value  of  0.13.  The  ratio  was  smaller  (0.1?)  when 

the  house  was  open  and  larger  (0.1b)  when  closed  (Table  ?). 

It  is  not  Immediately  clear  what  kind  of  correspondenc e  should  be 
expected  between  working  levels  In  the  living  room  and  basement  ot  the 
test  house.  The  largest  source  of  Indoor  radon  Is  thought  to  be 
infiltration  of  soil  radon  (15).  Meteorological  conditions  (moisture, 
temperature,  wind,  and  atmospheric  pressure)  are  said  to  affect  both 
radon  exhalation  and  air  infiltration  (15).  Nero  and  associates  (16) 
found  that,  contrary  to  their  expectation,  there  is  little  correlation 
between  radon  c oncentrat ions  and  ventilation  rates  In  houses  they 
examined  They  concluded  that  radon  Is  drawn  into  a  house  by 

mir ropressue  differences  Inside  and  outside  the  house  These  pressure 

V 

differences  are  assumed  to  be  caused  by  winds  and  by  unequal  indoor  and 
outdoor  pressures  due  to  a  "chimney"  or  "stark"  effect  (lb) 
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Table  2.  Values  for  Radon  Daughters  in  Test  Residence 


Period  Measured 
Windows  Open 
Windows  Closed 
Avg  WL  in  Basement 
Avg  WL  in  Living  Room 
Ratio  WLL/WI8 
Range 
Average 

Windows  Closed 

Windows  Open 

Rqui 1 ibrium  between 

radon  and  daughters 
In  Basement 
In  Living  Room 


June  4-9  (144  hours) 
57  hours  total 
37  hours  total 
0.0109  WL 
0.00138  WL 

0.03  to  0.32 

0.13 

0.16 

0.12 

25%  equi librium 
30%  equi 1 Ibrium 
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In  considering  how  radon  is  transferred  from  the  basement  to  the 
living  room  of  the  test  house,  the  following  parameters  seem  important: 

a)  Ventilation:  Opening  of  windows  and  doors  should  cause  a 
decrease  in  living  room  radon;  closing  the  house  should  result  in  a 
buildup  in  the  living  room.  Radon  levels  in  the  basement  should 
Increase  and  decrease  in  the  same  manner. 

b)  Temperature  Differentials:  When  the  air  temperature  of  the 
living  room  is  higher  than  that  of  the  basement,  one  might  expect  a 
"thermal  inversion"  effect.  This  would  prevent  cooler  basement  air 
from  carrying  radon  through  the  living  room  floor  into  the  warmer  air. 
As  a  result,  radon  should  build  up  in  the  basement  faster  than  in  the 
living  room.  Conversely,  when  th  living  room  is  cooler  than  the 
basement,  transfer  of  air  from  the  warmer  to  the  cooler  area  should 
result  in  a  decrease  of  radon  in  the  basement  and  an  Increase  in  the 
living  room. 

On  the  other  hand,  when  the  living  room  is  warmer  than  the 
basement,  the  less  dense  living  room  air  creates  a  micropressure 
differential  (chimney  effect)  which  draws  soil  radon  into  the 
basement.  Both  lines  of  reasoning  indicate  that  radon  levels  in  the 
basement  should  Increase  when  temperature  of  the  living  room  (TI.R) 
minus  the  temperature  of  the  basement  (TB)  is  a  positive  number. 

c)  Pressure  and  Pressure  Differentials:  Decreases  in  atmospheric 
pressure  are  expected  to  cause  an  Increase  in  release  of  soil  radon  and 
a  resulting  Increase  in  basement  levels.  When  the  pressure  in  the 
living  room  is  less  than  that  in  the  basement,  the  chimney  effect 
should  result  in  Increased  radon  being  drawn  into  the  basement  and, 
presumably  into  the  living  room. 


d)  Humidity  Differentials:  Since  humid  air  is  less  dense  than  dry 
air,  the  same  arguments  made  above  concerning  temperature  dif ferentials 
should  apply  here  (l.e.,  a  buildup  of  basement  radon  is  expected  when 
the  relative  humidity  of  the  living  room  is  greater  than  that  of  the 
basement) . 

In  summary,  some  plausible  expectations  concerning  radon  levels  In 
the  test  house  are: 

1.  Radon  concentrations  In  the  basement  and  living  room  will 

Increase  In  periods  when  the  house  is  closed,  and  decrease  when  it  Is 

open . 

2.  Rad^n  levels  In  the  basement  will  Increase  when  the  living 

room  Is  warmer  than  the  basement,  and  decrease  when  the  living  room  is 
cooler.  Radon  levels  in  the  living  room  wi 1 1  show  the  Inverse  behavior. 

3.  Radon  concentrations  in  the  basement  will  increase  during 

periods  of  decreasing  atmospheric  pressure,  and  decrease  during  periods 
of  increasing  pressure. 

4.  Radon  levels  in  the  basement  will  Increase  when  the  relative 
humidity  of  the  living  room  is  greater  than  that  of  the  basement. 

5.  The  major  influence  on  radon  levels  in  both  the  living  room 
and  basement  will  be  micropressure  differences  inside  and  outside  the 
house.  Because  of  this,  and  in  spite  of  the  fact  that  the  other 
parameters  affect  basement  and  living  room  radon  levels  in  different 
ways,  radon  concentrations  In  the  living  room  will  be  generally 
proportional  to  concentrations  In  the  basement. 

Testing  of  these  expectations  in  the  present  study  was  complicated 
by  several  factors.  First,  no  attempt  was  made  to  monitor  winds  and 


the  goals  of  the  research).  Second,  The  test  residence  had  a  second 
story  which  was  not  monitored.  Some  of  the  factors  which  Influence 
transfer  of  radon  between  the  basement  and  living  room  would  affect 
transfer  between  the  living  room  and  second  floor.  Third,  since  this 
study  measured  working  level  (radon  daughters)  and  not  radon  gas, 
allowance  had  to  be  made  for  the  fact  that  some  time  Is  required  for 
secular  equilibrium,  or  partial  secular  equilibrium,  to  be  reached. 
This  means  that  maximum  working  level  Is  not  necessarily  reached  at  the 
same  time  that  the  maximum  radon  concentration  Is  attained. 
Correlation  Is  complicated  then  by  the  fact  that  Influences  which  have 
an  Immediate  effect  on  the  radon  concentration  will  appear  to  have  a 
delayed  effect  on  the  working  level. 

The  present  study  yielded  results  that  are  In  agreement  with  some 
of  the  above  enumerated  expectations.  Examination  of  Figure  2  seems  to 
confirm  that  the  Wl  L  Is  roughly  proportional  to  the  WLB ,  generally 
rising  and  falling  at  about  the  same  time.  When  vertical  lines  are 
drawn  on  the  plot  to  show  periods  In  which  the  house  was  closed  (X)  or 
open  (0)  (Figure  3),  it  Is  seen  that  working  levels  In  both  the 
basement  and  living  room  did  generally  Increase  during  closed  periods 
and  decrease  during  open  periods.  The  correlation  Is  far  from  perfect, 
however,  Indicating  that  other  factors  are  Influencing  the  WL's. 

Figure  4  shows  the  plot  with  vertical  lines  drawn  to  indicate 
periods  when  the  living  room  was  warmer  than  the  basement  (+)  or  cooler 
than  the  basement  (-).  This  plot  gives  support  to  the  suggestion  that 
Wl.'s  in  the  basement  Increase  during  (+)  periods  and  decrease  during 
(  -)  periods . 
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Interpretat  Ions  such  as  these  drawn  from  observing  time-series 
plots  tend  to  be  subjective  and  arbitrary.  To  remove  some  of  the 
subjectivity  and  arbi trari ness ,  It  was  decided  to  subject  the  data  to 
multiple  correlation  analysis.  It  was  hoped  that  statistical  analysis 
would  reveal  unambiguously  significant  relationships  between  WL's  and 
the  other  variables. 

The  data  set  was  broken  into  sets,  with  the  June  4-6  data  being 
subjected  to  computer  analysis.  The  derived  multiple  correlation 
equations  were  then  applied  to  the  June  7-9  data  to  see  if  they  fit  as 
well  as  they  fit  the  data  from  which  they  were  generated.  A  number  of 
models  were  examined  to  determine  correlations  between  the  WLB ,  or  Wl  L, 
and  various  combinations  of  temperatures ,  humidities,  atmospheric 
pressures,  and  ventilation  conditions. 

Multiple  correlation  equations  were  obtained  which  had  rather  high 
correlation  coefficients  (adjusted  R-square  values  of  0.8-0. 9)  and  in 
which  all  beta  coefficients  were  significant  at  the  0.0001  level.  Use 
of  the  Durbin-Watson  statistic  showed,  however,  that  errors  in 


measurements  of  WL's  are  strongly  autocorrelated  (d  =  0.7-0. 8). 
Presence  of  autocorrelation  in  time-series  data  such  as  collected  in 


the  present  study  is  not  surprising.  It  is  clear  that  one  of  the  main 
factors  determining  the  value  of  a  working  level  measurement  in  a  given 
hour  is  the  value  it  had  in  the  previous  hour.  (Or,  other  things  being 
equal,  if  a  WL  is  high  in  one  hourly  period,  it  will  also  be  high  in 
the  next  hourly  period.)  When  autocorrelation  is  present,  the  residual 
error  estimate  is  inflated  and  tests  on  the  parameters  are  ess  able  to 
reject  the  null  hypothesis.  This  means  that  the  values  of  the 
correlation  coefficients  are  questionable. 
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It  was  decided  to  try  to  eliminate  autocorrelation  by  using,  not 
the  hourly  working  levels  themselves,  but  changes  in  the  working  level 
from  hour  to  hour.  Models  were  tested  to  establish  the  dependence  of 
hourly  changes  In  the  basement  working  level  (CWLB)  on  the  following 
variables:  hourly  change  in  living  room  working  level  (CWIL);  ratio  of 
WLB/WLL  ( RWL) ;  hourly  change  in  atmospheric  pressure  (CP);  change  in 
basement  temperature  (CTB);  change  In  111 ng  room  temperature  (CTL); 
changes  in  relative  humidity  in  basement  and  living  room  (CH8  and  CHL); 
ratio  of  basement  temperature  to  living  room  temperature  (RT);  ratio  of 
basement  humidity  to  living  room  humidity  (RH);  ventilation  conditions 
(OC  -  h1  for  closed  house;  OC  *  -1  for  open);  temperature  differentials 
( THC  -  h1  if  warmer  in  living  room;  THC  =  -1  if  cooler);  and  relative 
humidity  d 1 f f erent la  1 s  (HWD  -  h]  if  more  humid  in  living  room;  HWD  -  -1 
if  less  humid).  In  addition,  several  of  the  Independent  variables  were 
lagged.  For  example,  in  some  models  CPI  or  CP2  (hourly  changes  in 
pressure  one  hour  or  two  hours,  respectively,  before  the  measured 
change  in  basement  working  level  were  used  in  place  of  CP.  This  was  an 
attempt  to  account  for  the  fact  that  changes  in  WL  are  expected  to  lag 
behind  correspond! ng  changes  in  parent  radon  concentrat ions . 

No  significant  relationship  could  be  established  between  most  of 
these  variable  and  the  CWLB.  The  best  fit  was  obtained  for  the  model 
with  CWLB  a  function  of  OC  1  (working  level  in  the  basement  decreasing 
one  hour  after  house  was  opened.  Increasing  one  hour  after  house  was 
closed)  and  THC  (working  level  in  basement  increasing  during  periods 
when  living  room  was  warmer  than  basement,  decreasing  when  living  room 
was  cooler  than  basement).  Although  the  multiple  correlation 
coefficient  is  not  high  (adjusted  R-square  -  0.2b),  both  0C1  and  1HC 


fi 


are  significantly  correlated  to  CWLB  (0.01  significance  level). 
Furthermore,  analysis  shows  very  little  collinearity  among  the 
variables,  and  the  absence  of  autocorrelation  (d  =  1.702)  (See  Table  3). 


Although  the  variables  are  not  strongly  correlated,  they  are 
significantly  correlated,  and  the  multiple  regression  equation  has  some 
predictive  capability.  Figure  5  shows  a  plot  of  measured  CWIB's  for 
June  4-6  versus  CWLB's  predicted  by  Eqn  (5).  Figure  6  shows 
corresponding  plots  for  the  control  set  of  data,  June  7-9. 

The  best  fit  obtained  for  hourly  changes  in  the  living  room 
working  level  (CWll)  was  for  a  model  with  CWI.L  a  function  of  CWI  B 
(living  room  working  level  increasing  or  decreasing  as  basement  working 
level  Increases  or  decreases)  and  0C  (living  room  working  level 
decreasing  when  house  is  opened,  increasing  when  house  is  closed).  For 
this  model  adjusted  R-square  is  0.23.  The  variables  CWLB  and  0C  are 
correlated  to  CWLL  at  the  0.05  and  0.01  levels,  respectively  (See  Table 


A  plot  of  measured  CWLL's  versus  CWLL's  predicted  by  Eqn  (6)  is 
shown  for  the  June  4-6  data  in  Figure  7. 

There  appear  to  be  two  major  reasons  why  the  correlation 
coefficients  are  not  higher: 

1.  The  most  significant  Influence  on  both  dependent  variables 
(i.e.,  micropressure  differences  outside  and  inside  the  house)  is  not 
included;  and 

2.  Random  counting  scatter  for  low  numbers  of  alpha 
disintegrations  affect  the  apparent  direction  of  change  in  working 
level  from  hour  to  hour.  If  counting  error  is  large,  one  monitor  can 
report  an  increase  in  WL  while  the  other  reports  a  decrease  in  Wl. 
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Table  3.  Change  In  Working  Level  In  Basement  as  a  Function  of 
Ventilation  Conditions  and  Temperature  Differentials 


Multiple  Regression  Equation: 

CWLB  =  -4.84  +■  5 . 66(  OC 1 )  +  4.76(THC) 


Degrees  of  Freedom: 

F  Value: 

Prob.  Greater  Than  F: 
Ad j .  R-Square: 


71 

13.788 

0.001 

0.2648 


Variable 


Prob.  Greater  I  STZD  Est 


Intcpt 

0.0067 

0C1 

0.0008 

THC 

0.0094 

Durbln-Watson  D 

1  .716 

Autocorrelation 

0.142 

during  a  given  hour,  even  though  both  WL's  might  actually  remain 
unchanged  (See  Figure  1). 

This  second  reason  can  also  explain  why  the  individual  beta 
coefficients  in  Fqns  (5)  and  (6)  do  not  show  greater  significance. 

An  experiment  similar  to  the  one  described  above  had  been  carried 
out  in  the  same  house  during  May  28-31,  1986.  In  this  case  WLM's  No. 
306  and  372  weere  programmed  to  count  for  96  consecutive  60-minute 
periods.  No.  306  was  placed  in  the  crawl  space  of  the  test  residence, 
directly  on  the  ground.  No.  372  was  placed  on  the  floor  of  the  dinig 
room  exactly  above  No.  306.  Pressures,  temperatures ,  and  relative 
humidities  of  the  two  areas  were  monitored,  and  a  log  was  kept  of 
times  when  the  house  was  opened  and  closed. 

In  this  experiment  the  dining  room  temperature  was  greater  than 
the  crawl  space  temperature  throughout  the  96-hour  period,  making  it 
Impossible  to  test  for  a  correlation  between  working  levels  and 
temperature  differentials.  As  Figure  8  shows,  however,  there  is  a 
rough  proportional  ity  between  WL's  In  the  crawl  space  and  in  the 
dining  room.  Working  levels  in  both  areas  seem  to  increase  during 
periods  when  the  house  is  closed,  and  decrease  when  it  is  opened. 

Multiple  regression  analysis  showed  that  changes  in  working  level 
in  the  crawl  space  (CWLC)  are  weakly,  but  significantly  correlated 
with  ventilation  rates  one  hour  previous  (0C1)  (R-square  0.12). 
Changes  in  dining  room  working  level  (CWLD)  are  weakly  corelated  with 
CWLC  and  with  OC  (R-square  =  0.19). 


Table  4.  Change  In  Working  Level  in  Living  Room  as  a  Function  of 
Ventilation  Conditions  and  Change  in  Working  Level  in 


Basement 


Multiple  Regression  Equation 

CWLL  -  -0.752  «■  0 . 0725(  CWLB)  +  1  .  97  (  OC  )  (6) 


Oegrees  of  Freedom:  71 


F  Value: 

11.858 

Prob  Greater 

Than  F  : 

0.0001 

Adj  R  Square 

0  234? 

Variable 

Prob.  Greater  T 

Stzd.  Est. 

VI F 

1 ntc pt 

0.1543 

0 

0 

CWl  B 

0.0478 

0.22 

1  .10 

OC 

0.0005 

0.40 

1  10 

Ourbin-Watson  D  2  231 


Autocorrelat ion 


0  118 


Over  the  4-day  period,  working  levels  In  the  crawl  space  ranged 
between  0.0114  and  0.0267  WL,  with  an  average  value  of  0.0183  WL. 
Working  levels  in  the  dining  room  ranged  from  0.0013  to  0.0079  WL,  with 
an  average  of  0.00352  WL.  Ratios  of  WLD/WLC  ranged  between  0.07  and 

0.38,  with  an  average  value  of  0.19. 

D.  Conclusions 

1.  Working  levels  on  the  first  floor  of  the  test  house  are 

proportional  to  working  levels  in  the  basement  and  crawl  space,  with 

first  floor  levels  averaging  10-20%  of  the  working  level  in  the  lower 
areas . 

2.  Ventilation  of  the  house  by  opening  of  doors  and  windows  on 
the  upper  levels  causes  an  immediate  decrease  in  working  level  on  the 
first  floor.  This  is  followed  by  a  decrease  about  one  hour  later  in 
working  level  in  the  basement  and  crawl  space. 

3.  When  temperatures  on  the  first  floor  are  higher  than 

temperatures  in  the  lower  areas,  there  is  a  buildup  of  working  level  in 
the  basement  and  crawl  space. 

4.  Neither  ventilation  to  the  outside  nor  temperature 

dlf ferentials  within  the  house  have  as  much  effect  on  indoor  working 
levels  as  do  micropressure  differences  inside  and  outside  the  house. 

V  A  SURVEY  OF  INDOOR  RADON  LEVELS  IN  SOUTHWEST  MISSOURI 
A.  Introduction 

In  the  past  few  years,  measurements  on  thousands  of  U.S.  homes 
have  found  that  a  large  number  contain  radon  at  hazardous 
concentrations  (3).  It  has  been  estimated  that  an  average  Indoor  radon 
concentration  is  1.2  pC1/l  and  that  approximately  1  million  homes  have 
concentrat ions  exceeding  8  pCi/1  (16). 
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Few,  if  any,  measurements  of  indoor  radon  in  Missouri  have  yet 
been  reported.  This  part  of  the  research  effort  was  carried  out  to 
determine  the  magnitude  and  range  of  indoor  radon  concentrat ions  in 
southwest  Missouri.  During  the  6-month  period  from  March  to  September, 
1986  radon  screening  measurements  were  made  on  48  residences,  schools, 
and  office  buildings  in  Springfield,  Missouri,  and  on  3  residences 

outside  Springfield  in  southwest  Missouri.  The  findings  of  this  survey 
are  reported  below. 

B.  Experimental  Procedures 

1 .  Apparatus 

The  Lucas  alpha-scintillation  method  (9)  was  chosen  for  the  measurement 
of  airborne  radon.  A  portable  sampling  kit  was  assembled  from  the 
following  components:  Ludlum  Model  2200  battery-operated  scaler; 

Ludlum  Model  182  radon  flask  counter;  four  100-ml  Lucas -type 
scintillation  cells  (Rocky  Mountain  Scientific  Glass  Blowing  Company, 
Aurora,  Colorado).  The  assembled  apparatus  weighs  approximately  20 
pounds  and  can  be  hand  carried  in  a  standard  8"  X  18"  X  24"  metal 

instrument  case. 

The  Lucas  cell  is  a  cylindrical  flask  constructed  from  a  Kovar 

seal.  The  inner  surface  is  coated  with  silver-activated  zinc  sulfide. 
A  quartz  window  with  a  transparent  tin  oxide  coating  on  its  inner 
surface  is  sealed  to  one  end  of  the  cell.  The  other  end  has  a  stopcock 
to  permit  evacuation  of  the  air-tight  cell.  the  cell  is  placed  in  a 
light-tight  chamber  on  the  window  of  a  photomultiplier  tube,  and  alpha 
scintillations  produced  by  radon  and  its  daughters  ( polon i urn -21 8  and 

polonium-214)  are  counted.  The  counting  efficiency  of  such  flasks  is 
typically  0.6-0. 7  cpm/dpm. 
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2.  Measurement  Techniques 

Airborne  radon  concentrations  were  calculated  by  the  method  of 
Jonassen  and  Clements  (17).  This  method  does  not  require  that  secular 
equilibrium  be  established  between  radon  and  its  daughters  before 
counting  begins.  If  the  initial  sample  of  radon  is  free  of  daughter 
products  at  the  time  it  is  Introduced  into  the  ounting  cell,  the 
counting  period  can  start  any  time  after  sampling.  (If  the  sample 
Initially  consists  nf  a  mixture  of  radon  and  its  daughters,  3-4  hours 
must  be  allowed  for  attainment  of  equilibrium  before  ounting  begins.) 

The  equation  relating  initial  radon  concentration  to  number  of 
alpha  scintillations  in  a  given  time  period  is: 

Rn(pC1/l)  =  C/( 2 . 22) ( E) ( V) ( G)  (7) 

whereG  =  23904 . 80625( EXP( ( -0.0001 259) (71 ) ) 

EXP( ( -0 . 0001 259) ( 1 1  ¥  T2) ) ) 

-4. 507 48 ( E X P ( (  -0.2272) ( T 1 )) 

-EXP( ( -0 . 2272) (71  +  T2) ) ) 

-1 65. 51 95(EXP(( -0/02586) ( T1 ) ) 

-EXP( ( -0.02586) (71  +  T2) ) ) 

1-93.65601  (EXP(  (-0.0351  8)  (71  )) 

-EXP( ( -0.03518) (71  +  T2) ) )  (7a) 

and  T1  is  the  time  (minutes)  between  sample  collection  and  beginning 
of  counting;  T2  is  the  counting  interval  (minutes);  C  is  the  number 
of  net  counts  ^n  72  (total  counts  minus  background  counts);  E  is  the 
counter  efficiency  (cpm/dpm);  and  V  is  the  volume  of  the  Lucas  cell 
(liters). 
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These  equations  were  programmed  Into  a  Hewlett-Packard  15C 


handheld 

calculator 

so  that  calculation 

of  a 

radon 

concentration 

requi res 

less  than  one 

minute . 

The 

experimental 

procedure  for 

the 

determination 

of  airborne 

radon  is 

as  follows: 

A  Lucas  cell 

is 

flushed 

several  times  with 

nitrogen,  evacuated,  and  counted  In  a  Ludlum  radon  flask  counter. 
Typical  background  levels  of  evacuated  flasks  are  0.1-0. 3  counts  per 
minute.  A  0.45  micron  Mllllpore  filter  Is  attached  to  the  ball  joint 
of  the  evacuated  cell  and  the  stopcock  is  opened  to  obtain  a  grab 
sample  of  air.  The  stopcock  Is  closed  and  the  time  recorded.  The 
sample  Is  stored  for  three  hours  to  allow  secular  equilibrium  to  be 
reached.  The  cell  is  then  counted  for  a  period  of  2  to  12  hours  and 
the  initial  radon  concentration  is  calculated  using  Eqns(7)  and  (7a). 
The  counting  times  were  selected  so  that  counting  errors  averaged  +■/- 
about  20%  standard  deviation  or  less. 

3.  Testing  and  Verification  of  Instruments  and  Methods 

The  radon  counting  apparatus  was  calibrated  by 
Interlaboratory  comparison  using  a  standard  test  cell  which  had  been 
calibrated  at  the  Randam  Corporation  laboratory.  Efficiency  of  the 
apparatus  was  found  to  be  about  0.64  cpm/dpm. 

Experiments  were  carried  out  to  determine  the  sensitivity  and 
reproducibi 1 ity  of  the  apparatus.  For  environmentally  significant 
radon  concentrations  (down  to  about  1  pCi/1),  the  counting  rate  is 
likely  to  be  small.  As  an  example,  for  a  counter  efficiency  of  0.64 
and  a  Lucas  cell  of  100  ml  volume,  the  number  of  counts  produced  by  1 
pCi/1  of  radon  in  equilibrium  with  its  two  alpha-emitting  daughters 


1  pCi/1  X  0.100  L  X  3(2.22  dpm/pCl)  X  0.64  cpm/dpm  -  0.43  cpm. 
Statistical  fluctuations  are  large  at  such  counting  rates,  although 
precision  can  be  Improved  by  using  longer  counting  Intervals.  The 
minimum  detectable  activity  is  related  to  the  background  count. 
Calculation  of  representat 1 ve  minimum  detectable  concentrations  of 
airborne  radon  showed  that  sensitivity  is  low  for  short  counting  times 
and  Increases  with  longer  counting  Intervals.  Experiments  showed  that 
for  radon  concentrations  of  about  0.02  to  4  pCi/1,  counting  intervals 
of  2  to  12  hours  give  calculated  percent  errors  of  about  20%  or  less. 

C.  Survey  Results  and  Discussion 

Measurements  of  Indoor  radon  concentrations  were  carried  out 
using  the  apparatus  described  above.  A  total  of  24  measurements  taken 
in  16  office  buildings,  churches,  and  schools  in  Springfield,  Missouri 
showed  values  r.anging  from  ().3()  t;o  7.15  pCi/1,  with  only  one 
measurement  being  greater  than  4  pCi/1  (Table  5). 

Seventeen  measurements  on  8  multistory  houses  in  Springfield 
had  radon  levels  ranging  between  0.33  and  5.84  pCi/1,  with  three  of 
the  house  having  more  than  4  pCi/1  of  radon  (Table  6). 

Table  7  shows  results  of  16  measurements  on  8  Springfield 
single-story  houses  which  had  basements.  Values  ranged  from  0.28  to 
3.87  pCi/1,  and  none  was  greater  than  4  pC1/l.  On  the  other  hand,  24 
measurements  on  8  Springfield  houses  without  basements  (Table  8) 
yielded  values  ranging  from  less  than  .2  up  to  14.3  pCi/1  (the  highest 
value  measured  in  this  study).  Four  houses  had  radon  levels  greater 
than  4  pCi/1,  but  all  were  in  crawl  spaces. 
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Only  three  houses  outside  Springfield  were  measured  (Table  9).  Radon 
values  ranged  from  0.24  to  4.80  pCi/1  in  the  three  houses,  and  one  had 
radon  in  a  living  area  at  levels  greater  than  4  pCi/1. 

Table  10  summarizes  Indoor  radon  data  obtained  on  all  residences 
in  southwest  Missouri.  In  general,  radon  concentrations  were  found  to 
be  highest  in  basements  and  lowest  on  first  floors,  with  second  floors 
having  intermediate  values. 

A  summary  of  all  indoor  radon  measurements  is  shown  in  Table  11. 
Only  three  houses  had  radon  levels  greater  than  4  pCi/1  in  areas  which 
were  being  used  as  living  quarters.  This  represents  about  6%  of  the  51 
buildings  measured. 

VI.  RECOMMENDATIONS  AND  PLANS  FOR  FUTURE  INVESTIGATIONS 

The  Eberline  Instrument  Corporation  believes  that  it  has  now 
modified  the  WLR-1  -A  so  that  the  working  level  monitoring  system  wi  1 
give  reliable,  accurate,  reproducible  results  (private  communication). 
Once  the  modified  system  has  been  field-tested,  it  will  be  used  to 
continue  investigating  the  Influence  of  temperature  differentials 
within  a  building  on  radon  daughter  distribution.  Measurements  will 
also  be  made  in  the  laboratory  on  a  simulated  multistory  house  in  which 
temperatures  and  humidities  in  different  parts  of  the  "house"  will  be 
controlled  and  varied.  Also,  a  method  needs  to  be  developed  for 
dealing  with  autocorrelation  in  working  level  measurements  without 
introducing  noise  from  random  counting  errors.  This  line  of 
investigation  will  be  pursued  further. 
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The  present  Investigator  also  intends  to  work  on  development  of  a 
method  which  will  permit  continuous  determination  of  the  unattached 
fraction  of  daughters  within  a  house.  This  will  be  done  by  replacing 
the  filter  paper  on  a  WLM-T -A  monitor  with  a  60-mesh  wire  screen,  so 
that  only  charged,  unattached  daughters  will  be  removed  from  the 
ambient  and  counted.  Simultaneous  sampling  with  a  modified  and  an 
unmodified  filter  will  allow  determination  of  the  unattached  fraction 
of  daughters,  as  well  as  their  total  concentrations. 

Finally,  screening  of  buildings  for  radon  and  radon  daughters  will 
continue  in  southwest  Missouri.  One  of  the  objectives  of  this  survey 
will  be  to  determine  whether  houses  built  on  the  Northview  shale 
outcroppings  which  occur  in  parts  of  southwest  Missouri  have  higher 
radon  levels  than  do  houses  built  on  the  more  prevalent  limestone  soil. 
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Reliability  of  Systems  with  Random  Transfer  of  Control 


Summary  and  Conclusions 

The  research  described  in  this  report  was  conducted  under  the 
Research  Initiation  Program  sponsored  by  the  Air  Force  Office  of 
Scientific  Research  and  conducted  by  Universal  Energy  Systems, 
Inc.  (Contract  No.  F49620-85-C-00 1 3,  Subcontract  No  S-760OMG- 
013).  The  research  was  a  continuation  of  work  begun  at  the 
Systems  Reliability  and  Engineering  Branch  of  the  Rome  Air 
Developnment  Center,  Griffiss,  AFB,  NY  during  the  Summer  of 
1985  under  the  USAF/UES  Summer  Faculty  Research  Program. 

The  research  concerns  the  reliability  of  systems  (software, 
hardware,  or  combined  systems)  which  can  be  decomposed  into  a 
finite  number  of  modules  with  control  of  the  system  randomly 
transferred  among  the  modules.  Thus,  the  model  treated  here 
differs  from  classical  network  reliability  models  which  assume  that 
all  modules  or  states  are  active  at  all  times.  The  report  is  divided 
into  three  parts. 

In  the  first  part,  it  is  assumed  that  control  of  the  system  is 
transferred  among  the  modules  according  to  a  Markov  process. 
Each  module  has  an  associated  reliability  which  gives  the 
probability  that  the  module  will  operate  correctly  when  called  and 
will  transfer  control  successfully  when  finished.  It  is  also  assumed 
that  the  system  has  a  terminal  module  which  corresponds  to  mission 
success.  The  reliability  of  the  system  is  defined  to  be  the 
probability  that  the  system  reaches  the  terminal  module  without 
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ms  of  the  module  reliabilities  and  the 


transition  probabilities.  Improved  methods  of  predicting  system 
reliability,  allocating  module  reliability,  and  determining  module 
sensitivity  are  developed  which  take  advantage  of  the  network 
structure  of  the  system.  A  measure  of  inherent  sensitivity  is 
developed  which  is  based  on  the  transition  probabilities  alone  and 
which  can  be  used  to  estimate  the  sensitivity  of  the  modules  before 
their  reliabilities  are  known.  Special  branching  and  sequential 
systems  are  studied  in  detail.  The  first  part  is  an  improvement  of 
the  report  issued  at  the  end  of  the  USAF/UES  Summer  Faculty 
Research  Program. 


In  the  second  part,  it  is  again  assumed  that  control  of  the  system 
is  transferred  among  the  modules  according  to  a  Markov  process, 
and  that  each  module  has  an  associated  reliability.  However,  it  is 
assumed  that  the  system  does  not  have  a  terminal  module;  rather 
the  system  operates  continuously  until  it  fails.  The  mean  number  of 
transitions  until  failure  is  used  as  a  measure  of  system  reliability 
and  is  studied  in  terms  of  the  module  reliabilities  and  the  transition 
probabilities.  As  in  the  first  part,  methods  of  predicting  system 
reliability,  allocating  module  reliability,  and  determining  module 
sensitivity  are  developed.  Special  branching  and  sequential  systems 
are  studied  in  detail.  The  techniques  and  results  in  the  second  part 
parallel  those  in  the  first  part.. 

In  the  third  part,  general  systems  with  random  transfer  uf 
control  are  studied.  It  is  assumed  that  the  transfer  of  control 
among  the  modules  is  caused  by  external  inputs  and  is  random  only 
becaused  the  inputs  are  unknown.  Specifically,  it  is  assumed  that 
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the  input  sequence  is  a  stochastic  process  and  that,  when  an  input  is 
received,  the  system  goes  to  a  new  state  which  is  a  deterministic 
function  of  the  old  state  and  the  input.  Thus,  the  state  sequence  is  a 
stochastic  process  which  is  driven  by  the  input  sequence.  A 
reliability  framework  is  imposed  on  the  model  by  assuming  that  for 
each  state  of  the  system  there  is  a  set  of  inputs  which  would  cause 
the  system  to  fail  if  it  is  in  that  state.  It  is  shown  that  if  the 
inputs  are  statistically  independent,  then  the  state  sequence  is  a 
Markov  chain  and  hence  either  the  model  of  the  first  part  or  the 
second  part  applies  (depending  on  whether  there  are  terminal 
states).  However,  the  assumption  of  statistically  independent  inputs 
is  unrealistic.  It  is  shown  that  if  the  inputs  are  correlated  then  the 
state  sequence  may  not  satisfy  the  Markov  property  and  hence  the 
application  of  the  models  in  the  first  two  parts  is  questionable.  It 
is  also  shown  that  if  the  input  sequence  is  a  Markov  process  (a 
more  realistic  assumption)  then  the  joint  state  input  sequence  is 
also  a  Markov  processs.  In  theory,  system  reliability  could  be 
studied  in  terms  of  the  joint  process,  but  this  would  involve 
knowning  the  transition  probabilities  of  the  input  sequence  and  this 
information  is  unlikely  to  be  available  in  practice. 

In  conclusion,  the  Markov  chain  models  studied  in  the  first  two 
parts  are  mathematically  well  developed  and  can  yield  quite  explicit 
results.  However,  there  are  mathematically  compelling  reasons  to 
question  the  assumption  of  Markov  transfer  of  control  for  systems 
whose  transitions  are  driven  by  correlated  inputs.  Hence  the 
Markov  models  should  be  used  with  care.  In  addition,  more  study 
is  needed  to  understand  the  stochastic  behavior  of  such  systems 


Part  I 

Reliability  of  Systems  with  Markov  Transfer  of  Control 
and  with  Terminal  States 


Introduction 

This  part  considers  a  model,  originally  proposed  by  Cheung  [1], 
for  software  systems  which  can  be  decomposed  into  a  finite  number 
of  functionally  independent  modules.  There  are  two  main 
assumptions.  First,  it  assumed  that  control  of  the  system  is 

transferred  among  the  modules  according  to  a  Markov  chain.  The 
Markov  property  means  that  given  knowledge  of  the  module  in 

control  at  any  given  time,  the  future  behavior  of  the  system  is 
conditionally  independent  of  the  past  behavior.  Second,  it  is 
assumed  that  the  system  has  a  terminal  module  corresponding  to 
mission  success.  That  is,  ideally  the  system  will  eventually 

complete  its  task  successfully  and  enter  the  terminal  state. 

The  terminal  module  will  be  denoted  by  T  and  the  remaining 
(transient)  modules  by  the  integers  i,  2,  ...,  n.  Thus,  the 

dynamics  of  the  ideal  system  are  described  by  a  Markov  chain  with 
state  space  {1,  2,  ...,  n,  T}  and  transition  matrix  P.  That  is,  P.  .  is 
the  probability  that  control  will  next  be  passed  to  module  j,  given 
that  module  i  has  control.  Since  T  is  absorbing,  Pyy  ~  1.  All 
other  states  eventually  lead  to  T.  Usually  the  system  will  have  a 
designated  initial  module. 

Next  it  is  assumed  that  each  of  the  transient  modules  1,  2,  ...,  n 
is  failure  prone.  Specifically,  module  i  has  an  associated 
reliability  R.  which  is  the  probability  that  the  module  will  operate 
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correctly  when  called  and  will  transfer  control  successfully  when 
finished.  Equivalently,  the  system  has  probability  1-R  of  failing 
each  time  it  enters  state  i.  Mathematically,  the  imperfect  system 
is  modeled  by  adding  an  absorbing  state  F  (failure)  and  by  modifying 
the  transition  probabilities  appropriately.  Specifically,  the 
imperfect  system  is  described  by  a  Markov  chain  with  state  space 
(1,  2,  ...,  n,  T,  F}  and  transition  probability  matrix  P  given  as 
follows 


P.  .  =  R.P.  .  for  i  =  1,  ...»  n  and  j  =  1,  ...,  n,  T; 
ij  1  ij  ’  J 


P.p  =  1-R.  for  i  -  1,  ...,  n; 


A  /\ 


Thus,  the  dynamics  of  the  imperfect  system  are  completely 
described  by  the  module  reliability  function  R  and  the  ideal 
transition  matrix  P,  since  this  description  is  equivalent  to 
specifying  the  transition  matrix  P  of  the  imperfect  system.  Note 
that  T  and  F  are  absorbing  states  and  that  the  transient  states  1,  2, 
...,  n  lead  to  T  and  F. 

System  reliability  is  defined  to  be  the  probability  that  the 
system  eventually  completes  its  task  successfully  without  failing. 
Mathematically,  this  is  simply  the  probability  that  the  Markov 
chain  for  the  imperfect  system  is  eventually  absorbed  into  T  rather 
than  F.  The  purpose  of  the  model  is  the  study  of  system  reliability 
in  terms  of  the  module  reliabilities  and  the  ideal  transition 
probabilities. 

Cheung  [1]  developed  a  method  of  computing  system  reliability 


and  a  method  of  computing  the  sensitivity  of  system  reliability  with 
respect  to  a  given  module  reliability.  These  methods  are 
satisfactory  for  numerical  results,  but  are  not  well  suited  for 
obtaining  explicit  analytical  results.  In  this  paper,  alternative 
methods  will  be  developed  which  can  lead  to  such  explicit  results. 
In  addition,  a  measure  of  "inherent"  sensitivity  will  be  developed 
which  depends  only  on  the  ideal  transition  probabilities.  A  simple 
method  of  allocating  module  reliability  to  meet  a  given  system 
reliability  demand  will  be  given.  Finally,  these  methods  will  be 
applied  to  general  branching  and  sequential  systems. 

As  noted  above,  one  of  the  main  assumptions  of  the  model  is  the 
existence  of  a  terminal  state  corresponding  to  mission  success. 
However,  there  are  systems  which  have  no  such  natural  terminal 
state,  systems  which  run  more  or  less  continuously  (until  failure). 
For  such  systems,  a  better  model  is  the  semi- Markov  model  of 
Littlewood  [5]  with  mean  time  to  failure  as  the  measure  of 
reliability.  Another,  simpler  approach  is  to  consider  a  discrete 
Markov  chain  as  described  here,  except  without  an  absorbing 
terminal  state  and  with  the  mean  number  of  transitions  until 
failure  as  the  measure  of  reliability.  This  model  will  be  treated  in 
Part  II. 


P 


Km 

K 


k  - 

I 


System  Reliability 

For  each  transient  state  i  ~  1,  2,  ...,  n  let  p.  denote  the 
probabiltiy  that  the  Markov  chain  for  the  imperfect  system,  starting 
in  state  i,  is  eventually  absorbed  into  T  (i.e.,  the  probability  that 
the  system  eventually  completes  its  task  successfully).  Thus  p  is 
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the  system  reliability  function. 

The  method  of  computing  p  given  in  [1]  will  be  reviewed  briefly. 
It  is  based  on  a  standard  method  of  computing  absorption 
probabilities  for  a  Markov  chain;  a  derivation  may  be  found  in  [2]. 

^  /"v 

Let  0  denote  the  restriction  of  the  transition  matrix  P  of  the 


imperfect  system  to  the  transient  states  1,  2,  . ..,  n.  Note  that  Q 

~  R.Q.  .  where  Q  is  the  restriction  of  the  transition  matrix  P  of  the 
i  ij 

ideal  system  to  the  transient  states.  The  matrix 


^“06k  =  a -or1 


a; 


is  called  the  potential  matrix  of  the  imperfect  system;  its  ij  value 
gives  the  expected  number  of  visits  to  j  by  the  imperfect  system 
starting  in  state  i.  Of  course*  similar  remarks  apply  to  the 
potential  matrix  of  the  ideal  system,  obtained  by  replacing  Q  with 
Q  in  (1). 

For  each  transient  state  i,  let  G.  -  P.-p  -  R.P.-r  denote  the 
probability  of  going  to  the  terminal  state  T  from  state  i  in  one  step 
for  the  imperfect  system  Using  the  notation  of  matrix 
multiplication, 

P  =  (I-QpC 


In  particular,  if  state  i  is  the  initial  state,  then  the  system 
reliability  is 


i(,Q)i 


G.. 

J 


Another  method  of  computing  system  reliability  will  now  be 
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given.  Suppose  that  the  initial  state  is  i.  Let  j  be  any  specified 
transient  state  (j  may  be  i).  Then  a  simple  application  of  the 
Markov  property  shows  that 


p.  =  A.  .  -I-  B.  .p . 
ri  ij  if  i 


ij*  J 


(2) 


where  A.^  is  the  probability,  starting  in  state  i,  of  eventually 
reaching  the  terminal  state  T  without  reaching  state  j  first  and 
where  B.  .  is  the  probability,  starting  in  state  i,  of  eventually 
reaching  state  j.  If  i  =  j,  "reaching  state  j"  should  be  interpreted 
as  "returning  to  state  j"  in  which  case  we  obtain  from  (2) 

p.  A  . ./( 1  -B  .  .). 

JJ  JJ 

Substituting  this  result  back  into  (2)  gives  the  desired  result: 


p.  ”  A.  .  +  B.  .A  .  ./(I  -B  .  .) 
^  U  U  JJ  n 


JJ 


(3) 


Lach  of  these  quantities  is  defined  in  terms  of  the  imperfect 
system.  Schematically,  Equation  3  is  represented  in  Figure  1 
below  where  the  wavy  lines  indicate  that  these  are  not  necessarily 
one  step  transitions.  Indeed  many  transitions  may  be  involved. 


Figure  1.  Schematic  Representation  of  Equation  3. 


From  the  Markov  property,  the  matrices  A  and  B  are  related  to 
the  basic  data  R  and  P  according  to  the  following  systems  of 
equations: 

A.  .  =  R.P.r  +  .  R.P.,  A,  (4) 

n  1  if  1  lk  kp 


B.  .  =  R.P.  .  + 

U  1  AJ 


^kjtj  RipikBkj- 


Moreover,  B^/(l-B^)  is  the  same  as  (I  Q)^,  namely  the 
expected  number  of  visits  to  state  j  for  the  imperfect  system 
starting  in  state  i. 

The  method  of  using  Equation  3  for  computing  system  reliability 

is  important  for  two  reasons.  First,  it  may  turn  out  that  for  some 

state  j  (such  as  a  state  which  acts  as  a  central  control),  the 

quantities  A.  B.  .,  A.  .,  B.  .  can  be  computed  explicitly  in  terms 

J  4  J  J  J  J 

of  the  ideal  transition  probabilities  and  the  state  reliabilities. 
Second,  of  the  four  quantities  in  (3)  only  two,  A.  .  and  B  depend 
on  R  the  reliability  of  state  j.  Specifically  note  from  (4)  and  (5) 
that  if  i  A  j,  then  A.^  and  B.  .  do  not  depend  on  R^.  If  i  --  j,  (4) 
and  (5)  give 


A..  -  R  (P.T  t  X /•  P.,A,  l> 

JJ  J  jT  jk  kj 

Bjj  ~  RJ^F  JJ  ^  ^J  F  jkBkjJ' 

^/,p,kAk,andB,r:  pn  f  WVbm- 


Letting  A  ■■  P.r  \  T>,  ,  P.,  A,  .  and  B. 

&  JJ  ,  jT  jk  kj  jj 

>/c  see  that  (3)  can  be  rewritten  in  the  form 


n  A.  .  t  B.  .R  A  .  ./( 1  R  .B.  .) 
'i  FI  LI  J  JJ  J  JJ 
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where  A..,  B..,  and  (if  i  /  i),  A..,  B.  .  are  independent  of  R.. 

JJ  JJ  J  ij  ij  P  J 

Thus,  Equation  6  allows  us  to  isolate  the  effect  of  the  reliability  of 

state  j  on  total  system  reliability  and  will  be  important  in  the 

sensitivity  and  allocation  problems  to  be  considered  next. 


Sensitivity 

Suppose  that  state  i  is  the  initial  state.  The  sensitivity  of  any 
transient  state  j  is  defined  to  be  3p./3R^  the  partial  derivative  of 
system  reliability  with  respect  to  the  reliability  of  state  j.  This 
quantity  is  a  measure  of  how  sensitive  system  reliability  p. will  be 
to  small  changes  in  the  reliability  R^  of  state  j. 

In  ( 1  ]  various  determinant  expansions  were  used  to  obtain  a 
formula  for  the  sensitivity  of  a  state.  Another  method  of  computing 
sensitivity,  which  is  better  for  analytic  purposes,  can  be  obtained 
from  (6).  If  i  i  j,  then 


2 


3p./3R.  -  B.  .A.  ./(1-R.B. .)  =  B..A..(1  B.  .) 
n  i  ij  jj  in  nn  ii 


2 


J  JJ 


U  JJ 


JJ 


(7) 


and  if  i 


dp./0R.  --  A . . / ( 1  R.B..) 

ri  i  n  l  u 


o 


A. ./(I  B..) 
n  n 


(8) 


The  quantity  B../(l  B.j)  is  the  expected  number  of  visits  to 
state  j  starting  in  state  i  for  the  imperfect  system  while  1/(1  B..) 
is  the  expected  number  of  visits  to  i  starting  in  i.  Therefore  if  a 
state  is  visited  a  large  number  of  times  on  average,  then  system 
reliability  will  be  very  sensitive  to  inaccuracies  in  the  reliability 
of  ’hat  state. 
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The  terms  A. ^  and  B.  .  will  in  general  be  complicated  functions 

of  the  state  reliabilities  and  the  ideal  transition  probabilities.  It 

would  be  helpful  to  have  an  inherent  measure  of  the  sensitivity  of  a 

state  which  could  be  obtained  from  the  ideal  transition  probabilities 

alone  and  which  could  be  used  before  the  state  reliabilities  are 

measured.  Since,  hopefully,  we  anticipate  that  the  state 

reliabilities  will  be  near  1,  a  natural  measure  of  the  inherent 

sensitivity  of  state  j  is  3p./3R_  evaluated  with  =  1  for  all  k  - 

1,  2,  ...,  n.  Note  that  when  all  state  reliabilities  are  set  equal  to 

1,  A.  .  becomes  a.  .  and  B.  .  becomes  b.  .  where  a.  .  and  b.  .  have  the 

ij  U  U  U  ij  ij 

same  meanings  as  A.  .  and  B.^  respectively,  except  relative  to  the 

ideal  (failure  free)  system  rather  than  the  imperfect  system.  Also, 

'V,  'V* 

of  course,  A .  .  =  A .  .  =  a . .  and  B . .  =  B .  .  -  b...  Finally,  note  that 

JJ  JJ  JJ  JJ  JJ  JJ  7 

a  .  .  lb.,  since  if  the  ideal  system  does  not  return  to  j,  then  it 
J  J  .1 J 

must  be  absorbed  into  T  without  reaching  j.  Therefore, 
substituting  into  (7)  and  (8),  we  obtain  the  following  expressions 
for  the  inherent  sensitivity  of  state  j,  starting  in  state  i,  denoted 
If  i  7  i,  then 


o. 


S.  .  ~  b.  ./( 1  -b  .  .). 

U  U  JJ 


(9) 


ir  ; 

i  i  i 


,  then 


;..  -  i/(i  b..). 

ii  n 


p~ . 

V.V 

P* 


I  i  .we  /er/he  expressions  in  (9)  and  (10)  represent  the  expect ed 
number  of  visits  to  state  j,  starting  in  the  initial  state  i  f  r  thv 
;  leal  sys’ern. 


Th erelore  wo  also  have 


J 


(I-Q) 


-i 

U 


where  Q  is  the  restriction  of  the  ideal  transition  matrix  P  to  the 
transient  states. 

In  summary,  the  expected  number  of  visits  to  state  j  by  the  ideal 
system  is  a  measure  of  the  inherent  sensitivity  of  state  j.  It  will 
be  near  the  true  sensitivity  of  state  j  for  an  imperfect  system  in 
which  all  of  the  state  reliabilities  are  near  1.  Moreover,  note  that 
A.j  ^  a.j  and  B.^  ^  b.^.  Therefore  a  comparison  of  (7)  and  (8) 
with  (9)  and  (10)  shows  that  the  inherent  sensitivity  gives  an  upper 
bound  on  the  true  sensitivity.  Finally,  note  that  a  ranking  of  the 
states  according  to  inherent  sensitivity  will  be  the  same  as  a 
ranking  of  the  states  according  to  true  sensitivity  if  the  state 
reliabilities  are  sufficiently  close  to  1.  Examples  can  be 
constructed  which  show  that  this  will  not  necessarily  be  true  if  the 
state  reliabilities  are  not  near  1. 


Allocation 

In  this  section  we  will  consider  the  problem  of  determining  the 
reliability  required  by  a  given  state  in  order  to  meet  a  given 
system  reliability  demand. 

Suppose  that  state  i  is  the  initial  state.  Consider  a  fixed 
transient  state  j.  Solving  for  R  .  in  (6)  gives 


fp.  A.  . ) / (B .  .A. .  +  B.  .p. 
1 1  u  n  n  iri 


B.  .A.  .] 
JJ  U 


If  the  system  reliability  p.  is  specified,  if  the  ideal  transition 
probabilities  are  known,  and  if  the  state  reliabilities  for  the  states 
other  than  j  are  known,  then  (11)  can  be  used  to  determine  the 
reliability  of  state  i. 

If  the  ideal  transition  probabilities  are  known,  but  none  of  the 

state  reliabilities  are  known  (the  usual  case),  then  the  reliabilities 

of  the  states  other  than  j  can  be  set  equal  to  1  in  (11)  to  give  a 

rough  estimate  of  the  reliability  needed  for  state  j.  But  then  A.^ 

would  become  a.  .  and  B.  .  would  become  b.  .  where  we  recall  that 
ij  U 

a.  .  and  b.  .  have  the  same  meanings  as  A.  . 
ij  U  6  iJ 

except  for  the  ideal  system  rather  than  the  imperfect  system. 


and  B.  .  respectively, 


However,  for  the  ideal  system, 
substituting  into  (11)  gives 


Therefore, 


R  .  -■  (p.  -a.  .)/(p.  -  a.  .  +  a  .  .-p.a  .  .). 
1  i  r  m  H  11  11 


Equation  12  can  be  used  to  determine  the  reliability  needed  for 
a  given  state  j  in  order  to  achieve  a  given  system  reliability  p. 
assuming  that  the  other  states  are  perfect  (i.e.  have  reliability  1). 
Since,  of  course,  the  other  states  will  in  general  not  be  perfect, 
(12)  should  be  viewed  as  a  rough  estimate  only,  which  can  be  used 
to  obtain  an  order-of -magnitude  estimate  of  R  .. 


Branching  Systems 

In  this  and  the  following  section,  two  special  types  of  systems 
will  be  considered.  These  systems  not  only  provide  examples  of  the 
methods  of  the  previous  sections,  but  also  are  of  sufficient 


generality  and  richness  of  structure  to  be  interesting  in  their  own 
right. 

First  a  general  branching  system  will  be  studied  which  has  the 
ideal  transition  graph  given  below: 


Figure  2.  Branching  System. 

State  1  acts  as  a  central  control  which  may  pass  control  to  any  of 
the  states  2,  . ..,  n  or  back  to  itself  or  to  the  terminal  state.  Each 
of  the  branch  states  2,  ...,  n  can  pass  control  back  to  itself,  back  to 
the  control  state  i,  or  to  the  terminal  state.  We  assume  that  the 
ideal  transition  matrix  P  and  the  state  reliability  function  R  are 
given.  State  i  is  designated  as  the  initial  state. 

Equation  3  with  i  -  1  and  j  ~  1  will  be  used  to  compute  the 
system  reliability  explicitly.  Thus 
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Note  that  in  order  to  reach  T  from  state  1  without  returning  to 
state  1 ,  the  system  must  either  go  directly  to  T  or  to  some  branch 
state  j,  stay  at  the  branch  state  for  some  k  transitions,  and  then  go 
to  T.  It  therefore  follows  that 


A11  =  R1P1I  +  s;=2  RiPij^o  (Rjpjj)kRjpjT 

"  R1P1T  +  Sj=:2  RlPljRjPjT/(1‘RjPjj)-  <H> 


On  the  other  hand,  in  order  to  return  to  state  1 ,  starting  at  state  1 , 
the  system  must  either  return  in  one  step  to  state  1  or  go  to  some 
branch  state  j,  stay  at  the  branch  state  for  some  k  transitions,  and 
then  return  to  state  1 .  Thus  by  a  similar  argument 

P, ,  +  2n  •>  R,P,  -R.P .,/(l-R.P..).  (IS) 
11  1  11  J=2  1  lj  J  jl  J  JJ 

Therefore  from  (3)  the  system  reliability  is  given  by  (13)  where 
where  and  are  given  in  (14)  and  (15)  respectively.  It 
would  be  difficult  to  obtain  this  explicit  result  from  the  matrix 
inversion  technique  of  equation  of  Cheung  [1]. 

The  sensitivity  of  system  reliability  p^  with  respect  to  the 
various  state  reliabilities  could  now  be  computed  using  (13)  (15) 
and  standard  calculus.  However,  (9)  and  (10)  will  be  used  to 
compute  the  inherent  sensitivities.  Recall  that  the  advantage  of  the 
inherent  sensitivity  is  that  it  can  be  computed  before  the  state 
reliabilities  are  estimated.  Using  arguments  similar  to  those  for 
finding  pj ,  the  results  are 


1 1 


i  -  pM  -  2n  oPi  .p.i/ci-p..) 
11  ^j=2  lj  j  1  jj' 

p. 


sli  = 


li 


<1-pii)[1-pii-Sj^ijpji/(1'pjj)!'piipii 

for  i  =  2,  n. 


Sequential  Systems 

In  this  section  a  sequential  system  will  be  considered  which  has 
the  ideal  transition  graph  given  below: 


Figure  3.  Sequential  System. 


State  1  is  designated  as  the  initial  state  and  we  assume  that  the 
ideal  transition  matrix  P  and  the  state  reliability  function  R  are 
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known.  Note  that  control  tends  to  pass  sequentially  from  state  1  to 
state  2,  . ..,  to  state  n  except  that,  in  each  state,  control  can  return 
to  that  state,  go  to  the  initial  state  1 ,  or  go  to  the  terminal  state  T. 

Equation  3  with  i  -  1  and  j  =  1  will  be  used  to  compute  the 
system  reliability  p^  explicitly.  From  (3), 

pt  =  Au/(1-B11).  (16) 

Note  that  in  order  to  go  from  state  1  to  state  T  without  returning 
to  state  1,  the  system  must  visit  states  1,  2,  ...,  k,  T  for  some 
s„ate  k  (with  any  number  of  returns  to  the  intermediate  states  2, 
...,  k).  It  follows  with  a  little  work  that 


Ai  i  '  Riprr  + 

•n 


rk  lr 


2k=2  R 1 P 1 2  [nj  =2  R  J P  j  J+ 1  /  < 1  -  R  j  Pj  j )  1  RkPkT/  < 1  "RkPkk>  • 


(17) 


Similarly,  in  order  to  return  to  state  1,  starting  at  state  1,  the 
system  must  visit  state  1,  2,  ...,  k,  1  for  some  state  k  (with  any 
number  of  returns  to  the  intermediate  states  2,  ...,  k).  Therefore 


Bli  R1P11  + 

k,2  R 1 P 1 2  life1  R  iP n  + 1  /< 1  ‘  RjPj j) |RkPk ! /( 1  -RkPkk) •  (18> 


Therefore  from  (3),  the  system  reliability  is  given  by  (16)  where 
j  and  j  are  given  in  (17)  and  (18)  respectively. 

Fo  conclude  this  section,  a  numerical  example  will  be 
considered  which  was  motivated  by  a  radar  software  system 
discussed  in  [7].  The  ideal  transition  graph  is  given  in  Figure  d 


and  the  ideal  transition  probabilities  are  =  0.8,  ~  O.i 

^21  =  2  ~  ^23  =  ^31  ”  P33  =  0.4,  P3J 

0.2. 


Figure  4.  A  Sequential  System  with  n  =  3. 

Note  that  the  system  is  a  special  case  of  the  general  sequential 
system.  Using  (16) -(18)  and  some  algebra,  the  system  reliability 
(with  state  1  as  the  initial  state)  is 


Pi  = 


.008R  ^2^3 


(1-.8R1)(1-.4R2)(1-.4R3)-.08R1R2(1-.4R3)-.016R1R2R3 

where  Rp  R2>  and  R3  are  the  state  reliabilities.  For  example,  if 

R  1  •-  R2  R3  =  0.99  then  ~  0.597. 

The  inherent  sensitivities  for  this  example  can  be  computed  form 
(9)  and  (10)  and  the  type  of  arguments  that  have  been  used  before. 
The  results  are  Sp  =  45,  Sp  =  15,  S^3  ~  5.  Thus,  system 
reliability  will  be  enormously  sensitive  to  changes  in  the  state 

reliabilities,  particularly  state  1.  For  example,  if  R ^  ~  0.999, 
o  —  n  qq  —  n  qq  f P>pn  r\  —  n  100  with  ^  —  0 

l  \  2  '  v/  .  ZJ  3/  ^  “■  w  •  J  j  UlUl  1  fJ  ^  —  \J  .  (  J  J  UUJ  i  Ipai  Uu  w  1  ti  I  p  |  -  W  .  yJ  J  / 


n  00 

W  .  J  J 
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when  Rj  ~  ~  ^3  = 


Finally,  the  allocation  scheme  of  described  earlier  will  be 
applied  to  this  example.  Suppose  that  we  want  a  system  reliability 
of  p^  =  0.9.  Note  first  that  a^  =  0  for  j  -  2  and  3.  Moreover, 
all  ~  ^/^>  a^2  =  i/i5,  a33  =  i/5.  Substituting  into  (12)  gives 
=  0.9975,  R2  =  0.9926,  R^  =  0.9783.  Recall  that,  for  each 
i,  the  value  of  R^  given  by  the  allocation  scheme  is  the  reliability 
needed  by  state  i  to  achieve  p^  =  0.9  assuming  that  the  other  states 
are  perfect.  Thus  we  need  to  increase  the  state  reliabilities 


somewhat  for  simultaneous  allocation.  Let  Rj  =  0.9999,  R0  - 
0.999,  R^  --  0.99.  Substituting  into  (19)  gives  p^  -  0.9343. 


Reliability  of  Systems  with  Markov  Transfer  of  Control 
and  without  Terminal  States 


Introduction 

This  part  concerns  software/hardware  systems  which  can  be 
decomposed  into  a  finite  number  of  functionally  independent 
modules.  The  main  assumption  is  that  the  transfer  of  control  among 
the  modules  satisfies  the  Markov  property  which  implies  that  the 
future  behavior  of  the  system  is  conditionally  independent  of  the  past 
behavior,  given  knowledge  of  the  module  in  control  at  the  present. 
Each  module  is  failure  prone  and  has  an  associated  reliability  which 
measures  the  probability  that  the  module  functions  correctly  when 
called  and  transfers  control  successfully  when  finished. 

In  Part  I,  this  model  was  studied  under  the  additional 
assumption  that  the  system  has  a  terminal  module  corresponding  to 
mission  success.  System  reliability  was  defined  to  be  the  probabil¬ 
ity  that  the  system  eventually  reaches  the  terminal  module  without 
failing.  Methods  were  developed  for  predicting  system  reliability 
and  computing  the  sensitivity  of  system  reliability  with  repsect  to 
module  reliability.  Also,  explicit  results  were  obtained  for  certain 
types  of  branching  and  sequential  systems. 

There  are  many  systems,  however,  which  have  no  natural 
terminal  state  corresponding  to  success.  Some  systems  are 
designed  to  run  for  fixed  periods  of  time  while  others  run  more  or 
less  continuously  (until  failure).  For  example,  consider  a  radar 
system  which  has  software  modules  corresponding  to  search, 
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acquire  and  track  states.  Such  a  system  will  run  continuously  until 
it  fails  or  is  shut  down  for  maintenance.  It  will  not  do  to  add  a 
terminal  state  to  such  a  system  artificially,  to  make  it  fit  the 
model  of  Part  I,  for  this  can  result  in  misleading  or  even 
ridiculous  conclusions,  as  will  be  shown  later. 

In  this  paper,  a  discrete  Markov  chain  model  like  the  one  in 
Part  I  will  be  developed  except  without  the  assumption  of  a 
terminal  state.  The  mean  number  of  transitions  until  failure  will 
be  the  measure  of  reliability  considered.  This  approach  is 
reminiscient  of  the  continuous  time,  semi-Markov  model  for 
modular  software  systems  which  was  studied  by  Littlewood  [5]  and 
Laprie  [4]  with  mean  time  to  failure  as  the  measure  of  reliability. 
The  main  difference  is  that  the  continuous  time  model  allows  a 
random  time  spent  in  each  state  (but  Forbids  transitions  from  a 
state  to  itself),  while  the  discrete  model  measures  time  in  discrete 
units  and  allows  transitions  from  a  state  to  itself.  The  continuous 
time  model  is  more  realistic  in  some  ways,  but  is  also  harder  to 
work  with.  Indeed,  in  [4]  and  [5],  only  asymptotic  results  are 
tractable.  The  main  advantage  of  the  discrete  model  is  that  it  is 
simple  to  work  with  and  can  lead  to  quite  explicit  results. 
Moreover,  the  discrete  model  is  particularly  appropriate  for 
systems  in  which  the  transitions  corresponds  to  inputs  received  at 
regular  time  units,  for  then  the  mean  number  of  transitions  until 
failure  can  be  converted  to  the  mean  time  until  failure.  For 
systems  in  which  the  transitions  are  driven  by  inputs  received  at 
irregular  time  units,  the  mean  number  of  transitions  until  failure 
can  be  multiplied  by  the  mean  time  between  inputs  to  obtain  an 
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approximation  to  the  mean  time  until  failure. 

This  part  is  a  sequel  to  Part  I.  Methods  will  be  developed  for 
computing  the  system  reliability,  the  sensitivity  of  system 
reliability  relative  to  module  reliability,  and  the  module  reliability 
needed  to  obtain  a  given  system  reliability.  The  results  will  be 
applied  to  general  branching  and  sequential  systems. 


The  Markov  Chain  Model 

The  modules  (or  states)  of  the  system  will  be  denoted  1,  2,  ..., 
n.  Usually  the  system  has  a  designated  initial  state.  The  ideal 
(failure  free)  system  is  described  by  a  Markov  chain  with  state 
space  (1,  2,  ...,  n}  and  transition  matrix  P.  That  is,  P.^.  is  the 
conditional  probability  that  the  next  state  will  be  j  given  that  the 
current  state  is  i. 

The  reliability  of  state  i,  denoted  R.,  is  the  probability  that  state 
i  will  function  correctly  when  called  and  will  transfer  control 
successfully  when  finished.  Equivalently,  the  system  will  fail  with 
probability  1-R.  each  time  state  i  is  entered. 

The  imperfect  system  is  modeled  by  adding  an  absorbing  state  F 
(failure)  and  modifying  the  transition  probabilities  appropriately. 
Specifically,  the  imperfect  system  is  described  by  a  Markov  chain 
with  state  space  (1,  2,  ...,  n,  F}  and  transition  matrix  P  given  by 


FT  .  =  R.  P.  .  for  i,  j  -  1 ,  ...,  n; 

ii  in  J  ’  ’ 


P.p  =  1-R.  for  i  =  1,  ...,  n; 


P  -  1 
‘FF  x  • 
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We  assume  that.  R.  <  1  for  each  i  and  hence  each  of  the  states  1, 
2,  . ..,  n  eventually  leads  to  F.  State  F  is  absorbing.  Note  that  the 
dynamics  of  the  imperfect  system  are  completely  described  by  the 
state  reliability  function  R  and  the  ideal  transition  matrix  P  since 
this  description  is  equivalent  to  specifying  the  transition  matrix  P 
of  the  imperfect  system. 

Expected  Number  of  Transitions  Until  Failure 

For  i  ~  1,  2,  ...,  n,  let  M.  denote  the  mean  number  of 
transitions  until  failure  for  the  imperfect  system,  starting  in  state 
i.  If  the  transitions  of  the  system  correspond  to  inputs  received  at 
regular  time  intervals,  then  M.  is  proportional  to  the  expected  time 
until  failure,  starting  in  state  i.  Two  methods  of  computing  the 
function  M  will  be  given. 

/\  /V 

Let  Q  denote  the  restriction  of  the  transition  matrix  P  of  the 

imperfect  system  to  the  (transient)  states  1,  2,  ...,  n.  Note  that 

0-  ■  ~  R.P.  ..  The  matrix 
U  1  LI 

2P0Qk-  (1-6)  1 

is  the  potential  matrix  of  the  imperfect  system.  Its  ij  value  gives 
the  expected  number  of  visits  to  j  by  the  imperfect  system  start  ing 
in  state  i  (for  a  derivation  see  [2]).  It  follows  that 

M.  2n  I  '!  -6).  !  Hi 

In  the  notation  of  matrix  multiplication,  (1)  can  be  written  in  the 
form  M  (I  rJ)  ^  1  where  1  denotes  the  constant  function  1  defined 


on  1,  2, 


n. 


i. 


i 


! 


r 


Equation  1  is  the  basic  method  of  computing  M.  It  is 
satisfactory  for  numerical  work,  but  may  not  always  be  best  for 
analytical  purposes.  Another  method  will  now  be  developed  which 
can  take  advantage  of  the  structural  properties  of  the  system. 

Let  i  and  j  be  any  of  the  states  1,  2,  ...,  n.  A  simple 
application  of  the  (strong)  Markov  property  shows  that 

M.  =  N.  .  4-  B.  .M.  (2) 

1  U  LI  J 


where  N.  .  is  the  expected  number  of  transitions  until  the  imperfect 
system  either  fails  or  reaches  state  j,  starting  in  state  i  and  B. ^  is 
the  probability  that  the  imperfect  system  eventually  reaches  state  j, 
starting  in  state  i.  If  i  =  j,  "reaches"  should  be  interpreted  as 
"returns  to"  in  which  case  we  obtain  from  (2) 


M.  -  N.  ./(I  -B.  .) 
J  JJ  JJ 


Substituting  this  result  back  into  (2)  gives  the  desired  result: 


M.  -  N.  .  4-  B.  .N  .  ./[[  B..).  (3) 

1  U  U  JJ  JJ 

From  the  Markov  property,  the  matrices  N  and  B  are  related  to 
the  basic  data  R  and  P  according  to  the  following  systems  of 
equations: 


V1  fWipikNkr 


J 


d) 


B.  .  -  R.P.  .  4  y.  ,  R.P.jB, 

ij  l  ij  ^kyj  i  ik  k 


Moreover  B.  .  /  ( 1  B.  .)  is  the  same  as  (1  0)  ■  \  namely  the  expected 
LI  JJ  LI 

6  A-?a 


number  of  visits  to  j  for  the  imperfect  system  starting  in  state  i. 
lowever,  the  trick  to  using  (3)  is  finding  a  state  j  for  which  th>; 


quantities  N.  N .  B.  .  and  B .  .  are  easy  to  compute  directly 
hJ  JJ  U  JJ  7  h 

i,  the  initial  state,  is  usually  determined  from  the  ph 


1  i 


system) 


Note  that  if  R  .  -  R  for  all  j  then 
J  J 

M  =  1/(1  R)  (6) 

for  ail  i  since  each  transition  can  be  viewed  as  a  Bernoulli  trial 
with  constant  probability  R  of  success  and  therefore  the  number  of 
transitions  until  failure  has  a  geometric  distribution.  Note  also 
that  liquation  6  is  completely  independent  of  the  ideal  transition 
probabilities  and  the  number  of  states. 

Another-  advantage  of  (3)  is  that  it  allows  us  to  isolate  the  effect 
of  the  reliability  R.  of  state  j  on  the  system  reliability  M..  From 

j  J  7  ) 

M)  and  (5)  note  that  if  i  ~  j  then  N.  .  and  B.  .  do  not  depend  on  R.. 

J  hi  hi  k  J 

If  i  -  j,  (-1)  and  (5)  give 


N..  ^  1  \  R  P-rA 

JJ  J  Jk  kJ 

B..  R  . [ P . .  t  N  ,  P .,B,  .]. 
JJ  J  JJ  k^J  Jk  kJ 


i.etting  N  .  .  -  2  v  •  P  ■[  A,  .  and  B..  ~  P-.  t  N  P,B,  . 

JJ  Jk  kJ  JJ  JJ  ^Aj  jk  kj 

that.  (3)  can  be  rewritten  in  the  form 


P  B,  .  we  see 


M.  =  N.  .  i  B.  .(1  t  R  .N  . .)/( 1  R.B.  .) 
1  h)  hJ  J  JJ  J  JJ 


where  N.  B  .  and  (if  i  i-  j)  N.  B.  .  are  independent  of  R  ..  This 
JJ  JJ  hi  hi  .  J 

rbipr'pjiiGnuctc  ion  will  be  useful  in  the  sensitivity  and  allocation 


problems  to  be  considered  next. 

Sensitivity 

Suppose  that  state  i  is  the  initial  state  so  that  M.,  the  expected 

number  of  transitions  until  failure,  starting  in  state  i,  is  the 

measure  of  system  reliability.  The  sensitivity  of  M.  with  respect 

to  R  .  is  defined  to  3M./3R.,  the  partial  derivative  of  M.  with 
J  i  J  1 

respect  to  the  reliability  of  state  j.  This  sensitivity  is  a  measure 

of  how  small  changes  in  the  reliability  of  a  state  effect  the 

expected  number  of  transitions  until  failure.  Sensitivity  can  be  used 

to  determine  which  states  are  most  critical  and  can  be  used  to  judge 

the  quality  of  estimates  of  M.  based  on  estimates  of  the  R  i  1, 

o ,  . . . ,  n. 

From  (7),  if  i  £  j, 


3M./3R.  =  B.  .  (N  .  .+B  .  .)/( 1  — R  .B . .)' 
i  J  ij  JJ  JJ  J  JJ 

-  B.  .(N.  .  +  B. .)/( 1  D..)2. 
FI  JJ  JJ  JJ 


If  i  -  j» 


3M./3R.  -  (N..  iB..)/(t-R.B..r  ■-=  (N. .  fB. .)/(!  -B. .)h  (9) 


n  n 


n  li 


As  all  state  reliabilities  approach  1,  either  B^  .  ►  1  or  N  .  .  > 

oo.  In  any  event,  3M./3R  .  >  co  unless  i  /  i  and  B.  .  ■  0  (i.e.. 

i  j  ij 

unless  it  is  impossible  to  reach  state  j  from  the  initial  state  i). 

Therefore,  when  all  state  reliabilities  are  near  1,  M.  will 
extremely  sensitive  to  changes  in  the  state  reliabilities.  ! 1  . 
means  that  statistical  estimates  of  M.  based  on  estimator.  :  F  . 

l 
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=  1,  2,  n  must  be  used  very  cautiously. 


Allocation 

In  this  section,  we  will  consider  the  problem  of  determining  the 
reliability  needed  for  a  given  state  in  order  to  meet  a  given  system 
reliability  demand. 

Suppose  that  state  i  is  the  initial  state.  Let  j  be  any  other 
state.  Solving  for  in  (7)  gives 

R .  =  (M.  -  N. .  -  B..)/[N..B.  .  +B..(M.-N. .)].  (10) 

J  i  LI  U  1  JJ  ij  JJ  i  kl 


If  M.  is  given,  if  the  ideal  transition  probabilities  are  known  and 
if  the  reliabilities  of  the  states  other  than  j  are  known,  then  (10) 
can  be  used  to  determine  the  reliability  needed  for  state  j.  Note, 
however,  that  there  is  no  guarantee  that  R^  given  by  (10)  is  in  the 
interval  (0,1).  That  is,  it  may  not  be  possible  to  find  a  meaningful 
value  of  Rj  to  achieve  a  given  value  of  N/k. 

If  none  of  the  state  reliabilities  are  known  (the  usual  case)  then 


(G)  can  be  used  to  obtain  a  uniform  value  R . 

J 

reliabilities  needed  to  achieve  a  specified  value  of  M: 


R  of  the  state 


R  -  1  -  1/M.  (11) 

As  noted  earlier,  this  value  is  independent  of  the  number  of  states 
and  the  ideal  transition  probabilities. 

Branching  Systems 

In  this  and  the  following  section,  two  special  types  of  systems 
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will  be  considered.  These  systems  not  only  serve  as  examples  for 
the  methods  of  the  previous  sections,  but  also  are  of  sufficient 
generality  to  be  interesting  in  their  own  right. 

First  a  general  branching  system  will  be  studied  which  has  the 
ideal  transition  graph  given  in  Figure  1.  State  1  acts  as  a  central 
control  which  may  pass  control  to  any  of  the  states  2,  ...,  n  or  back 
to  itself.  Each  of  the  branch  states  2,  ...,  n  can  pass  control  back 
to  itself  or  back  to  the  control  state  1.  We  assume  that  the  ideal 
transition  matrix  P  and  the  state  reliability  function  R  are  given. 
State  1  is  designated  as  the  initial  state. 


Figure  1.  Branching  System. 

Equation  3  (with  i  =  j  =  1)  will  be  used  to  compute  M^,  the 
expected  number  of  transitions  until  failure,  starting  in  state  1. 
Note  first  that  the  imperfect  system,  starting  in  state  1  will  make 
at  least  one  transition  before  failure  or  return  to  state  1  occurs. 
Furthermore,  if  the  system  moves  to  branch  state  j  on  the  first 


transition,  then  on  average,  the  system  will  make  1/(1 -R^P..) 
transitions  until  failure  or  return  to  state  i  occurs.  It  follows  that 


Nii  =  1+2jn=2R1V(1'Rjpjj)-  (12) 

On  the  other  hand,  the  probability  that  the  imperfect  system, 
starting  in  state  1 ,  will  eventually  return  to  state  1  is 


B. .  =  R.P.  ,  +  5n  ,  R.P.  .R.P.,/(1-R.P..) 
11  111  ^j=2  1  lj  j  jr  j  jj' 

Therefore  from  (3), 


(13) 


-  N1  i/(l-Bi  t) 


(14) 


where  and  are  given  in  (12)  and  (13)  respectively. 

The  sensitivity  3M^/3R  .  can  be  computed  using  (12)  (IT)  and 

J 

standard  calculus  or  using  (8)  and  (9). 


Sequential  Systems 

In  this  section,  a  system  will  be  considered  which  has  the  ideal 
transition  graph  given  in  Figure  2. 
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Note  that  control  tends  to  pass  sequentially  from  state  1  to 
state  2,  ...»  to  state  n  except  that  in  each  state*  control  can  return 
to  that  state  or  to  state  1 .  State  i  is  the  initial  state.  We  assume 
that  ideal  transition  matrix  P  and  the  state  reliability  function  R 
are  known. 

Equation  3  with  i  =  j  =  i  will  be  used  to  compute  M^,  the 
expected  number  of  transitions  until  failure  for  the  imperfect 
system  starting  in  state  1.  First  note  that  when  the  system  is  in 
a  given  state  i,  the  expected  number  of  transitions  until  the  system 
leaves  i  is  1/(1  -R.P.^).  It  follows  with  a  little  work  that 


N11  "  1  + 


s"=2  Ripi2t  n£2  RkW(1-Rkpkk>i  "u-w  <15> 


(By  convention,  products  over  vacuous  index  sets  are  1.)  By  a 
similar  argument,  the  probability  of  eventual  return  to  state  1 , 
starting  in  state  1  for  the  imperfect  system  is 


BU  “  R1P11  ■' 


2in=2  Ripi2tn//2  Rkpkk+ 1/(1  Rkpkk)1Ripii/(1  Ripu>  <16> 


From  (3),  the  expected  number  of  transitions  until  failure  for  the 
imperfect  system  starting  in  state  1  is 

=Nn/(l  Bh)  (17) 

where  N^  ^  and  B^  ^  are  given  by  (15)  and  (16)  respectively. 

Finally,  a  numerical  example  in  the  special  case  n  ~  3  will  be 
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considered.  The  ideal  transition  graph  is  given  in  Figure  3  (without 
the  dotted  lines). 


;av 

vj 

**;•!< 
‘  ,»*i 


=4) 


Figure  3.  A  Sequential  System  with  n  =  3. 


The  ideal  transition  probabilities  are 


P1 1  =  0.8,  P12  =  0.2,  P21  =  0.4,  P22  =  0 A 


0.2,  PQ<  =  0.5,  Poo  =  0.5 


Using  (15) -(17)  and  some  algebra  we  find  that 


Mt  - 


(18) 


(1-0.4R2)(1-0.5R3)+0.2R1(1-0.5R3)  +  0.04R1R2 
(1-0.8R1)(1-0.4R2)(1-0.5R3)-0.08R1R2(1-0.5R3)-0.02R1R2R3) 


For  example,  if  =  0.999,  R2  =  0.99,  and  ~  0.99  then  Mj 
-  260. 

The  sensitivity  of  Mj  with  respect  to  the  various  state 
reliabilities  can  be  computed  from  (19)  and  standard  calculus  or 
from  (8)  and  (9).  With  the  values  of  Rj,  R2,  and  R^  given 
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above,  3M^/3R^  -  46,051,  3M^/3R2  -  15,309,  and  3M^/3R^  ~ 
5968.  Clearly  the  system  reliability  is  enormously  sensitive  to 
changes  in  the  module  reliabilities.  For  example,  if  R^is  decreased 
form  0.999  to  0.99  (all  other  values  the  same),  decreases  to 
100. 

If  the  state  reliabilities  are  unknown,  tPie  allocation  scheme  of 
Equation  1 1  can  be  used  to  find  the  reliabilities  needed  to  achieve  a 
given  value  of  M.  For  example,  if  M  is  to  be  500  then  we  need  R. 
=  1  -1/500  =  0.998  for  each  i. 

Finally,  we  will  show  in  the  context  of  this  numerical  example, 
that  misleading  results  can  occur  if  a  terminal  state  is  added  to  a 
system  artifically  to  make  it  fit  the  model  of  Part  I.  Suppose 
first  that  terminal  state  is  added  to  the  system  as  shown  in 
Figure  3.  The  transition  probabilities  in  (18)  are  modified  by 
letting  =  0.795,  P^  -  0.195,  and  -  0.01  (all  other 

values  are  the  same).  Suppose  that  Rj  ”  ^2  ~  ^3  “0.99.  Then 
from  Part  I,  the  system  reliability  (defined  to  be  the  probability 
that  the  system  reaches  terminal  state  T^  before  failing)  is 
approximately  0.41.  Next  suppose  that  T2  (instead  of  Tj)  is  added 
to  the  system  as  a  terminal  state.  The  transition  probabilities  in 
(18)  are  modified  by  letting  P^  -  0.495,  P^  =  0.495,  Pjp  - 

0.01  (all  other  values  in  (18)  are  the  same).  As  before,  let  R^  ~ 
R?  “  ^3  “  0-99.  Then  the  system  reliability  (probability  of 
absorption  into  T2)  is  approximately  0.08. 

Thus,  although  the  two  systems  superficially  seem  quite  similar 
(in  terms  of  the  numerical  values  of  the  transition  probabilities), 


their  reliabilities,  as  measured  by  the  model  in  Part  I,  are 
drastically  different.  The  reason  of  course,  is  the  difference  in  the 
location  of  the  terminal  state  relative  to  the  initial  state. 


Part  III 

General  Systems  with  Random  Transfer  of  Control 


Introduction 

In  this  part,  we  will  consider  a  software  system  which  can  be 
decomposed  into  a  finite  number  of  modules  or  states  as  in  the  first 
two  parts.  We  will  assume  that  external  inputs  enter  the  system 
and  cause  it  to  change  states.  The  change  of  state  for  a  known  input 
is  assumed  to  be  deterministic,  however  the  input  stream  is 
generally  unknown  and  hence  will  be  modeled  by  a  stochastic 
process.  Thus,  the  successive  states  of  the  system  also  form  a 
stochastic  process  which  is  driven  by  the  random  input  stream. 
Unlike  the  first  two  parts,  however,  the  state  process  is  not 
assumed  to  be  Markov.  Rather,  we  are  interested  in  what 
properties  must  be  true  of  the  input  process  in  order  for  the  state 
process  to  be  Markov.  Also  we  will  consider  the  joint  state  input 
process. 


Mattematical  Model 

Let  S  deonote  the  state  space  of  the  system.  We  assume  that  S 
is  a  finite  set  which  can  be  identified  with  {1,  2,  ...,  n}  for  some  n. 
Let  I  denote  the  input  space.  We  will  allow  I  to  be  a  general 
(measurable)  space.  Let  II:  S  x  I  ->  S  denote  the  state  transition 
function.  That  is,  H  is  a  function  from  the  set  of  state  input  pairs 
into  the  set  of  states;  if  the  system  is  in  state  x  6  S  and  receives 
input  u  6  I  then  the  system  move  to  state  H(x,u).  Therefore,  given 
the  input  stream  Uq,  Up  ...  the  system  moves  successively  through 


the  states  Xq  (the  initial  state),  =  H(xq,Uq),  X2  =  fl(xpU^)  - 
H(H(x0,uQ)>u1),  ... 

Now  suppose  that  the  input  stream  is  random.  That  is,  the 
successive  inputs  Uq,  U^,  ...form  a  stochastic  process  on  a 
probability  space  (12,F,P).  Then  the  sequence  of  states  Xq,  X j, 
Xq,  ...  forms  a  stochastic  process  induced  by  the  input  process: 
Xq  is  the  initial  state  and 

Xn+i  =H(Xn>Un)  for  n  =  °>  2>  - 

It  is  clear  that  the  probability  distribution  of  the  state  process  is 
completely  determined  by  Xq,  H  and  the  probability  distribution  of 
the  input  process  . 

Mathematical  models  similar  to  the  one  described  here,  only  in 
the  context  of  learning  theory,  have  been  studied  by  Norman  [6]. 

The  Markov  Property 

In  general,  the  state  process  is  not  a  Markov  chain,  in  spite  of 
the  fact  that  the  next  state  of  the  system  is  a  deterministic  function 
of  the  current  state  and  input.  The  reason  for  this  is  possibility 
that  the  input  process  may  be  correlated  in  such  a  way  that  the 
Markov  property  does  not  hold  for  the  state  process.  Recall  that  the 
Markov  property  means  that  the  future  behavior  is  independent  of  the 
past  behavior,  given  the  present  state. 

A  simple  example  may  help  to  illustrate  the  problem.  Suppose 
that  the  state  space  S  consists  of  two  states,  denoted  x  and  y. 
Suppose  the  the  input  space  consists  of  two  inputs,  0  and  1 .  The 
state  transition  function  fl  is  given  as  follows: 


H(x,0)  =  x,  H(y,0)  =  y, 
H(x,l)  =  y,  H(y,  1)  =  x. 


Thus,  if  input  0  is  received,  the  system  remains  in  its  same  state 
while  if  input  1  is  received,  the  system  changes  to  the  other  state. 
Suppose  that  Uq  =  0  with  probability  1/2  and  Uq  =  1  with 
probability  1/2  and  that  =  Uq  for  n  =  1,2,...  Finally,  suppose 
that  Xq  =  x.  If  the  history  Xq  =  x,  =  x,  X q  =  x  is  observed 
then  Uq  must  have  been  0  and  therefore  Xq  will  be  x  with 
probability  1.  On  the  other  hand,  if  only  Xq  =  x  is  observed,  then 
no  information  is  gained  about  Uq  (if  Uq  -  0,  the  sequence  would  be 
Xq  =  x,  X^  -  x,  Xq  =  x;  if  Uq  -  1 ,  the  sequence  would  be  Xq  “  x, 
Xj  =  y,  Xq  =  x).  Hence  in  this  case,  Xq  will  be  x  with  probability 
1/2  and  will  be  y  with  probability  1/2.  Therefore,  knowledge  of 
Xq,  Xp  Xq  is  not  equivalent  to  knowledge  of  Xq  in  terms  of 
predicting  Xq  and  hence  the  Markov  property  is  not  satisfied. 

We  will  now  show  that  if  the  input  sequence  is  independent,  then 
the  state  sequence  is  a  Markov  chain.  To  prove  this,  suppose  that 
Uq,  U^,  ...  are  independent  and  that  U  has  probability  measure  }jl 
on  I.  Then 


P[X 


n4  1 


y  I  Xq  -  Xq,  Xl  -  Xq  ...,  Xo  -  x J 


n  nJ 


P[H(Xn,Un)  =  y  |  Xq  =  Xq,H(Xq,Uq)  =xr 


...,  H(X  ,,U  .)  -  x  ] 
’  n  l’  n  1  nJ 


P[fl(xn,Un)  -  y  |  Xq  —  Xq,  H(xq,Uq)  -  Xp  ...,  H(xn .  pUR  -  xj 


P[II(xn,Un)  -  y] 
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since  is  independent  of  Uq,  ...»  By  a  similar  argument, 

p[Xn+1  =  y  I  Xn  =  xn]  =  P[H(xn>Un)  =  y] 

Therefore  the  state  sequence  Xq,  X^,  ...  is  a  Markov  chain  with 
one  step  transition  probabilities  at  time  n  given  by 

p[xn-(-i  -  y  I  xn  = *1  =  ^n(u  e  I:  H^x»u)  =  yl- 

Note  that  this  chain  is  not  time  homogeneous  (stationary)  in 
general.  However,  if  the  inputs  are  independent  and  identically 

distributed  with  common  probability  measure  p  on  I  then  the  state 
sequence  is  a  time  homogeneous  Markov  chain  with  one  step 

transition  probabilities  given  by 

P[Xn4  [  =  y  I  Xn  =  X]  =  ju{u  e  I:  H(x,u)  -  y). 

Also,  of  course,  if  the  transition  function  H  is  actually 

independent  the  inputs  (H(x,u)  =  H(x)  for  all  u  6  I)  then  the  state 
sequence  is  a  time  homogeneous  Markov  chain  with  one  step 

transition  probabilities  given  by 

nxml  =  y  I  Xn  -  x)  =  1  [H(x),y] 

where  l[H(x),y]  -  1  if  H(x)  =  y  and  0  otherwise. 

There  do  not  seem  to  be  any  other  simple,  natural  conditions  on 
the  input  sequence  Uq,  Uj,  ...  or  on  the  transition  function  H  which 
will  insure  that  the  state  sequence  Xq,  Xp  ...  is  a  Markov  chain. 
Moreover,  the  conditions  that  the  input  sequence  be  statistically 
independent  or  that  the  transition  function  be  indepndent  of  input 


are  not  likely  to  be  satisfied  in  reality.  Thus  it  seems  unlikely  that 
the  state  sequence  of  a  real  system  with  random  transfer  of  control 
will  be  a  Markov  chain.  However,  the  methods  of  Parts  I  and  II  may 
still  give  useful  results.  Indeed  the  central  modeling  problem  is 
how  to  decompose  the  system  into  states  in  such  a  way  that  the 
decomposition  is  useful  and  the  Markov  property  is  at  least 
approximately  satisfied  by  the  state  sequence.  More  study  and  tests 
on  real  systems  are  needed  to  resolve  this  question. 


The  Joint  State  lnpupt  Process 

We  will  first  show  that  if  the  input  sequence  Uq,  U^,  ...  is  a 
Markov  chain  then  then  the  joint  state-input  sequence  (Xq,Uq), 
(Xj,Uj),  ...  is  also  a  Markov  chain.  Specifically,  suppose  that  the 
input  sequence  is  a  time  homogeneous  Markov  chain  on  the  input 
space  I  with  transition  probability  kernel  Q.  Then 


P^Un+l  £  A  I  U0  ”  u0’  U1  -  ul>  •••’  Un  -  un' 

-  PIUn  ,  1  C  A  I  Un  -  unJ' 

for  Uq,  u^,  ...  (;  I  and  A  a  (measurable)  subset  of  I,  and 


P[Un+1  €  A  |  Un  =  u]  =Q(u,A). 


Therefore, 


HXnl  !  "  y>  Unf  i  €  A  I  X0  -  XQ’  UQ  ~  u0’  — ’  Xn  "  xn’  Un  ~  UrJ 

■-  PfH(Xn,Un)  -  y,  Unj  {  C  A  |  XQ  ---  xQ,  Uq  -  uQ,  ... 

...,  X  :r  x  ,  U  •  u  ] 
n  n  n  n 


=p[HCxn,un)  =  y,  Un+1  6  A  |  XQ  =  x0,  UQ  =  uQ,  Uj  =  Uj. 


....  U  -  u  ] 
’  n  nJ 


P(Un+ieA|Un  =  un]1[H(VUn)>y] 


Therefore  (Xq,Uq),  (Xj,U  j),  ...  is  a  Markov  chain  with  one-step 
transition  probabilities  given  by 

P(Xn+1  =  y,  Un+1  €  A  |  Xn  =  x,  Un  =  u)  -  1  [H(x,u),y]Q(u,A) . 

Although  the  state  process  Xq,  Xj,  ...  is  not  a  Markov  chain  in 
the  usual  sense,  it  is  a  Markov  chain  in  a  random  environment  in 
the  sense  of  Cogburn  (1980).  The  input  process  Uq,  Uj,  ...  is  the 
environmental  process. 

Next  we  will  show  that  if  the  input  sequence  Uq,  Uj,,  ...  is  a 
Markov  chain,  then  the  joint  input- state  sequence  (Uq,Xj),  (Uj,X9), 
...  is  a  Markov  chain.  As  before,  suppose  that  the  input  sequence 
Uq,  Uj,  ...  is  a  time  homogeneous  Markov  chain  with  transition 
probability  kernel  Q.  Then 


p[Un£  A,  Xnft  -  y  |  UQ  -  uQ,  Xj  -  Xj 


. . . ,  U  i=u  . ,  X  -  x  ] 
’  n-1  n-1’  n  nJ 


=  P[Une  A,  H(Xn,Un)  =  y  I  X0  =  x0,  U0  =  uQ,  X[  =  Xj,  ... 

Urv  1  ”  un-l’  Xn  "  U 

-  P[^n  ^  A,  H(xn,Un)  ~  y  |  Xq  ~  Xq,  Uq  -  Uq,  Uj  -  Uj,  ... 


. . . ,  U  .  --  u  . 
’  n-1  n  1 


P[U  €  A,  H(x  ,U  )  =  y  |  U  .  =  u  J. 
1  n  ’  n’  n  71  n  1  n  1 
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Therefore,  (Uq,X^),  (U^,X2)>  ...  is  a  Markov  chain  with  transition 
probabilities  given  by 

P[U  6  A,  X  ,  <  =  y  I  U  ,  =  u,  X  =  x] 

1  n  *  n+1  7  1  n-1  n  J 

=  Q(u,  A  n  {v  6  I:  H(x,v)  =  y(). 

Reliability  Framework 

Suppose  now  that  the  system  is  unreliable  because  the  next  state 
function  H  is  partially  incorrect.  Specifically  suppose  that  for  each 
state  x  6  S,  there  exists  a  (measurable)  subset  of  the  input  space 
I  such  that  H(x,u)  is  incorrect  for  u  6  F  .  Thus  we  are  assuming 
that,  depending  on  the  state  of  the  system,  there  are  certain  inputs 
which  cause  the  system  to  malfunction. 

Let  F  -  {(x,u):  u  (  F  }.  That  is,  F  is  the  set  in  state  input 
phase  space  with  cross-sections  F  ,  x  6  S.  We  will  assume  in  this 
section  that  the  input  stream  Uq,  Up  ...  is  a  Markov  chain  and 
therefore  so  is  the  joint  state-input  sequence  (Xq,Uq),  (X^,U^),  ... 

The  reliability  of  the  system  is  determined  by  the  random 
variable 

r  -  Min(n:  (Xn,UR)  £  F}, 

the  number  of  transitions  until  the  system  fails.  That  is,  i  is  the 
first  time  that  an  input  is  received  which  causes  the  system  to  fail. 
There  are  two  natural  measures  of  reliability  based  on  r: 

P(r  -  oo)  and  F(i). 

The  first,  P(r  -  oo),  is  the  probability  that  the  system  never 


fails.  This  measure  of  reliability  would  be  useful,  for  example,  if 
the  system  eventually  reaches  one  of  a  number  of  terminal  states 
which  represent  terminal  answers  or  decisions.  This  is  the  point 
of  view  of  Part  I,  assuming  that  the  state  process  is  Markov. 

The  second,  E(r),  is  the  expected  time  until  failure.  This 
measure  of  reliability  would  be  appropriate  for  systems  which  run 
continuously  and  eventually  fail  with  probability  one.  This  is  the 
point  of  view  of  Part  II,  assuming  that  the  state  process  is  Markov. 

There  are  standard  methods  for  computing  P(r  =  go)  and  E(r)  in 
terms  of  the  transition  probabilities  of  the  joint  state- input  process 
(Xq,Uq),  (X^,U^),  ...  (see,  for  example,  [2]).  Unfortunately,  the 
transition  probabilities  of  the  joint  state  input  process  depend  of 
the  transition  probabilities  of  the  input  process,  and  these  are 
unlikely  to  be  available  in  practice. 

Suppose  that  the  inputs  Uq,  U^,  ...  are  independent  and 
identically  distributed  with  common  probability  measure  p  on  I. 
Then,  as  shown  earlier,  the  state  sequence  Xq,  X^,  ...  is  a  Markov 
chain  with  transition  probabilities  given  by 

P(x,y)  =  p{u  6  I:  H(x,u)  =  y}. 


In  this  setting,  the  system  fits  the  models  of  Parts  I  and  II,  with  the 
reliability  of  state  x  G  S  given  by 
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ADVANCED  PROPELLANT  FORMULATIONS:  APPLICATION  OF  NEW 
SYNTHETIC  STRATEGIES  TO  USEFUL  AND  ENERGETIC  INTERMEDIATES 

by 

Dr.  Ricardo  A  Silva 
ABSTRACT 


This  report  describes  work  undertaken  to  apply  new  synthetic 
methodologies  for  the  synthesis  of  reactive  intermediates  capable 
of  transformation  to  components  curently  in  use  in  solid 
propellant  formulations. 

The  report  describes  efforts  made  to  consolidate  and  establish 
optimum  reaction  conditions  for  a  number  of  key  intermediates  in 
the  synthetic  scheme  as  well  as  investigations  of  alternate 
approaches  which  show  considerable  promise.  Much  of  the  work 
originally  envisaged  is  not  complete  and  our  preliminary  results 
have  uncovered  a  whole  new  arena  for  fruitful  study. 
Recommendations  regarding  further  studies  in  thisarea  are 
described  as  well  as  the  possible  extension  to  other  molecular 
targets  of  potentially  greater  importance  for  the  formulation  of 
new  energetic  propellants. 
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I. 


INTRODUCTION 


This  report  focusses  on  efforts  originally  initiated  during  the 
tenure  of  an  AFOSR  Summer  Faculty  Fellowship  at  the  Rocket 
Propulsion  Laboratory  at  Edwards  AFB.  That  work  was  the  subject 
of  a  Final  Report  submitted  to  the  AFOSR  via  Universal  Energy 
Systems,  Inc., dated  30  September,  1985  and  frequent  reference  will 
be  made  to  this  document. 

In  the  earlier  report1,  the  rationale  for  selecting  certain 
molecular  entities  was  provided  and  in  this  work  we  decided  to 
focus  our  attention  primarily  on  the  particular  system  represented 
by  1  since  the  material  was  readily  available,  reasonably 
inexpensive  and  was  a  system  in  which  we  had  some  practical 
experience.  Substrate  1  was  also  attractive  because  it  was  easily 
amenable  to  analysis  by  our  detection  techniques  (infrared  and 
nuclear  magnetic  resonance  spectroscopy) 


»  .>  . 


CH.-X 

f 

a.  X  = 

OH 

b.  X 

=  Br 

CH,-C-CH_-X 

3  1  2 

c.  X  * 

nh2 

d.  X 

=  oso2cf3 

ch2-x 

e.  X  = 

NCO 

f.  X 

"  0S02C6H 

1 

g.  X  = 

oso2ch3 

h.  X 

"  N3 
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II. 


OBJECTIVES 


At  the  outset  it  was  decided  to  explore  the  synthesis  of  the 
various  derivatives  of  1  so  as  to  delineate  the  most  favorable 
experimental  parameters  for  each.  This  would  then  allow  us  to 
approach  the  target  le  from  converging  pathways  and  to  decide 
which  of  these  schemes  would  be  the  most  efficient  and  practical. 
Earlier  wehad  synthesized  Id  from  the  alcohol  and  in  this  work  we 
would  investigate  methods  of  improving  the  yield  by  varying 
reaction  conditions  and  the  kind  of  base  employed.  The  conversion 
of  Id  to  le  would  then  be  attempted. 

In  a  parallel  effort  we  would  seek  to  optimize  the  synthesis  of  lb 
and  lc  and  then  to  uncover  the  best  methodology  to  proceed  to  le 


III.  RESULTS  AND  DISCUSSION 

In  the  case  of  the  tri-triflate  Id,  the  thermal  sensitivity  of 
this  compound  made  it  difficult  to  isolate  and  to  handle. 
Consequently  our  studies  had  to  include  its  preparation  at  low 
temperature  immediately  prior  to  attempted  conversion  to  the 
target.  We  obtained  the  maximum  yields  by  the  procedure  described 
earlier  for  the  triflate1.  In  spite  of  continued  efforts  we  could 
not  improve  on  this  procedure.  In  the  course  of  our 
investigation,  we  varied  the  reaction  temperature,  reagent 
concentrations  and  the  nature  of  added  base.  Lietrature  reports2 


indicated  that  2 , 6-dialkylpyridines  might  be  better  than  pyridine 


itself  but  this  did  not  prove  to  be  the  case  in  our  hands. 

The  conversion  of  Id  to  le  was  attempted  with  tetra-alkyl  ammonium 
isocyanates  but  as  before  we  could  not  find  any  trace  of  alklyl 
isocyanates  (by  IR  analysis) .  A  limited  attempt  to  perform  this 
reaction  with  sodium  azide  was  also  unsuccessful.  We  had  hoped 
that  the  use  of  macrocyclic  ethers  as  complexing  agents  would 
prove  successful  but  time  constraints  prevented  us  from  exploring 
this  further. 

We  reproduce  here  the  relevant  spectroscopic  details  for  compound 
Id- 

Infrared  Spectrum:  Significant  bands  near  1425,  1235-1200,  1141 
and  957  cm  1 

NMR  Spectrum (cf)  :  1H:  1.26  (s,  1H)  ;  4.47  (s,  2H) 

13C:  15.5,  40.5,  74.4,  118.5 
19F:  74.5,  78.5 

In  our  parallel  experiments  we  needed  to  have  fairly  substantial 
amounts  of  starting  materials  at  hand  since  this  strategy  promised 
to  be  more  amenable  to  large  scale  production.  In  addition,  there 
were  a  larger  number  of  variations  possible  between  these  various 
intermediates  and  to  investigate  each  of  these  would  require  a 
good  supply  of  materials.  Accordingly  we  have  prepared 
substantial  quantities  of  lb,  lc  and  lh  for  further  studies. 
Efficient  routes  to  compounds  if  and  lg  have  also  been  developed 
and  we  are  now  poised  to  extend  studies  on  these  intermediates. 

Our  initial  attempts  to  effect  one  step  conversions  of  If  and  lg 


to  lh  in  high  yield  were  not  too  promising.  Reaction  of  both  of 
these  with  sodium  azide  in  a  variety  of  solvents  including  diglyme 
and  diethylene  glycol  did  not  yield  useful  quantities  of  the 
azide.  However,  we  were  able  to  obtain  lh  in  acceptable  yields 
from  If  by  choosing  the  solvent,  reaction  conditions  and  work-up 
procedure  very  carefully. 

In  addition  we  were  able  to  synthesize  quantities  of  lc  which 
could  be  used  to  generate  the  target  molecule  by  reaction  with 
phosgene.  Though  we  did  not  attempt  this  process,  it  has  been 
carried  out  by  our  collaborators  in  modest  yield  . 

Of  greater  significance  are  our  preliminary  results  on  attempts  to 
convert  lh  to  the  target  le  by  use  of  the  Staudinger  Reaction  and 

4 

variants  thereof  .  This  reaction  is  illustrated  below. 

R-N3  - >•  R-N=P(C6H5)3  - »  R-NCO  +  (CgH5)3PO 

2 

This  route  shows  great  promise  in  that  it  allows  for  a  one  pot 
conversion  of  lh  to  our  target  and  eliminates  a  number  of 
intermediates.  There  are  two  undesirable  side  reactions 
associated  with  this  reaction  and  they  are  the  intramolecular 
cyclization  of  product  and  the  intermolecular  reaction  of  product 
isocyanate  with  intermediate  2  to  form  carbodiimides.  The 
geometry  of  our  intermediate  material  precludes  the  intramolecular 
process  and  we  hope  to  prevent  intermolecular  reaction  by 
employing  high  dilution  techniques. 

We  have  begun  the  study  of  this  route  and  the  reaction  of 
substrate  lh  with  triphenylphosphine  and  subsequently  with  carbon 


dioxide  is  complete  in  a  matter  of  minutes  at  ambient 
temperatures.  The  identifiable  products  include  the  expected 
triphenylphosphine  oxide  and  a  mixture  containing  bands  in  the 
infrared  absorption  spectrum  which  correspond  to  isocyanate  and 
carbodiimide.  There  is  no  sign  of  any  residual  azide  absorption. 
We  think  that  these  results  show  promise  and  there  is  every 
indication  that  we  will  be  able  to  suppress  the  unwanted 
intermolecular  formation  of  carbodiimide.  We  wish  to  continue 
this  study  to  ascertain  the  best  conditions  for  conversion  to  our 
target  molecule. 

IV.  CONCLUSIONS  AND  RECOMMENDATIONS 

This  work  has  explored  a  variety  of  reagents  and  reaction 
conditions  for  effecting  the  synthesis  of  the  target  molecule,  le 
from  materials  which  we  have  made  readily  available.  Though  we 
have  not  yet  developed  a  simple  high  yield  process  to  the  target, 
our  results  indicate  that  there  is  a  high  probability  that  this 
can  be  done. 

Our  recommendations  include  continuing  the  two  parallel  schemes  in 
order  to  optimize  the  conditions  necessary  for  the  synthesis  of  le 
and  thence  to  other  more  energetic  materials  exemplified  by  3,  4 


CH-CH.NCO 
|  2  2 

H-C-NCO 

I 

CH2CH2NCO 

3. 


CH.NCO 

I  2 

(N02)2CF-C“CH2NC0 

ch2nco 
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CH.NCO 

I 

C-C-CH-NCO 

I  2 
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Our  preliminary  literature  survey  indicates  that  all  of  these  are 
attainable  synthetic  goals. 
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ABSTRACT 

The  report  introduces  studies  on  steady  combustion  of  polydispersed 
sprays  of  liquid  fuels  in  the  stagnation-point  flows.  The  burner  assembly  is 
designed  to  produce  polydispersed  sprays  of  the  fuels  within  the  background  of 
gaseous  combustible  or  oxidizing  mixtures.  Thus,  steady  combustion  of  these 
fuels  within  a  planar  flame  adjacent  to  Che  boundary  layer  near  a  quartz  plate 
can  be  studied.  Using  the  laser  sheet  lighting  for  photography,  the  flow 
field  as  well  as  droplet  size  and  distribution  throughout  the  pre-  and  post¬ 
flame  regions  maybe  investigated.  The  general  characteristics  of  the  spray 
burner  system  are  first  examined  using  water  droplets  in  air.  It  is  found 
that  sprays  of  water  in  methane/ air  mixture  result  in  a  homogeneous  soot 
formation  region  downstream  of  the  lean  methane  flames.  In  addition, 
photographs  of  burning  kerosene  droplets  as  they  pass  through  planar  lean 
methane/air  flames  are  presented.  Also,  preliminary  observations  concerning 
combustion  of  ethyl-alcohol,  methyl-alcohol,  heptane  and  octane  sprays  in  lean 
methane/air  mixtures  are  discussed.  The  potential  application  of  the 
experimental  model  to  future  studies  of  the  structure,  extinction  and 
stability  of  poly  and  monodispersed  spray  combustion  is  emphasized. 


66-1 


Introduction 


Combustion  processes  in  sprays  of  liquid  hydrocarbon  fuels  are  of  central 
significance  to  the  understanding  of  gas  turbine  engines  and  liquid  rockets. 

In  addition,  spray  combustion  has  diverse  application  in  industrial  boilers, 
furnaces,  diesel  engines,  and  fuel-injected  spark  ignition  engines.  Although 
problems  of  solid  propellant  rockets  have  been  extensively  studied,  liquid 
rockets  and  the  associated  stability  problems  remain  to  be  resolved.  Here, 
the  simultaneous  presence  of  the  two  phases  further  complicate  the  homogeneous 
chemically  reacting  flow  and  the  resulting  interactions  between 
flow/ flame/droplet  greatly  enrich  the  physical  phenomena. 

Most  studies  of  spray  phenomena  have  been  concerned  with  combustion  of 
free  or  suspended  single  droplets.  Even  though  such  studies  are  significant 
for  fundamental  understanding  of  droplet  burning  they  are  only  partly  helpful 
in  description  of  spray  combustion.  Because  of  the  complex  interaction 
between  droplets,  the  results  of  tests  on  single  droplet  or  those  considering 
an  array  of  droplets  cannot  be  readily  extended  to  the  turbulent  spray 
combustion  which  often  involve  dense  sprays.  In  spite  of  their  wide 
applications,  relatively  few  studies  on  spray  combustion  have  been  reported. 
Early  theoretical  study  of  sprays  was  initiated  by  Williams  [1,2]  who 
introduced  statistical  formulation  of  the  spray  problem.  More  recently,  the 
application  of  large  activation  energy  matched  asymptotic  technique  to  spray 
combustion  has  been  initiated  [3]. 

Early  experimental  works  on  sprays  were  primarily  of  qualitative  nature 
providing  some  rudimentary  understanding  [4].  More  recently,  combustion  of 
monodispersed  sprays  was  investigated  in  Wilson-cloud  chamber  type  apparatus 
[5,6].  Here,  by  sudden  expansion  of  Che  saturated  vapor  of  the  fuel,  a  cloud 
of  small  droplets  were  generated.  The  spherical  propagation  of  flame  through 


such  drops  were  thus  studied.  Also,  propagation  of  flames  in  bunsen  type 
inverted  cone  flames  have  been  reported  [7,81.  Here,  by  measuring  the  cone 
angle  the  flame  propagation  speed  could  be  approximately  deduced.  The 
propagation  of  planar  flames  in  sprays  passing  through  tubes  have  also  been 
studied  [9].  More  recent  works  concerning  application  of  laser  diagnostic 
techniques  to  spray  combustion  studies  have  been  reviewed  by  Chigier  [10]. 
These  works  on  spray  have  greatly  contributed  to  our  knowledge  of  spray 
combustion.  Among  other  observations,  the  thicker  reaction  zones  with  either 
smooth  or  corrugated  flame  surfaces  have  been  observed.  Also,  the 
propagation  speed  of  the  flame  front  through  such  poly  or  mono  dispersed 
sprays  have  been  determined  [5-9]. 

Although  the  above  mentioned  studies  have  provided  much  needed  insight 
into  spray  combustion,  the  complete  modeling  of  actual  spray  has  not  been 
fully  possible  in  these  models.  This  is  primarily  caused  by  either  the 
absence  of  flow  nonuniformity  or  the  unsteady  nature  of  such  studies.  For 
example,  spherical  propagation  of  flame  in  the  cloud  chamber  [5,6]  is 
basically  unsteady  such  that  accurate  investigations  of  flame  structure 
becomes  difficult.  Also,  the  inverted  cone  studies  [8]  involve  complex  fluid 
mechanics  of  entrainment  and  the  associated  lack  of  control  of  the  mixing 
shear  layers.  Finally,  the  planar  flame  propagation  is  one  dimensional. 
However,  it  is  well  established  that  in  actual  turbulent  spray  combustion 
fields,  flames  always  encounter  velocity  gradients  and  therefore  are  under 
stretching  or  compression  as  discussed  by  Karlovitz  [11]. 

In  view  of  the  fact  that  the  spray  combustion  in  most  applications 
including  liquid  rockets  is  fully  turbulent,  inclusion  of  flame  stretch  is 
quite  significant.  Therefore,  in  a  recent  investigation  [12],  studies  of  the 
spray  of  liquid  hydrocarbon  fuels  were  considered  within  the  stagnation  flow 


configuration,  where  the  rate  of  stretch  can  be  systematically  controlled. 
Application  of  stagnation  flow  configuration  to  the  study  of  flame  extinction 
has  a  relatively  long  history  (13].  More  recent  works,  among  others,  have 
considered  the  application  of  stagnation  point  flow  [14]  and  counterflow 
[15,16]  configurations  to  the  study  of  combustion  of  gaseous  fuels. 

In  this  experimental  work,  the  feasibility  of  the  proposed  model  and  its 
limitations  are  first  explored.  This  will  be  followed  by  the  discussion  of 
sprays  in  non-reactive  cold  flows.  Next,  the  characteristics  of  sprays  of 
liquid  fuels  are  discussed  and  for  this  preliminary  study,  we  will  consider 
kerosene,  ethyl-  and  methyl- alcohol ,  heptane  and  octane  as  representative 
hydrocarbon  fuels.  The  choice  is  motivated  by  the  relevance  to  liquid  rocket 
fuels  as  well  as  the  ease  for  future  comparisons  of  flame  speeds  with  existing 
data  obtained  by  previous  studies  mentioned  earlier. 


Experimental 

The  burner  system  is  composed  of  a  quartz  contoured  nozzle  with  38  mm 
exit  diameter  and  7  to  I  area  ratio,  a  flat  quartz  plate  and  a  liquid  fuel 
atomizer.  In  Fig.  1  the  schematic  of  the  stagnation  flow  spray  burner 
assembly  is  shown.  Air  and  gaseous  fuel  are  metered  by  conventional  rotameter 
and  premixed  in  the  lower  chamber  of  the  burner  as  shown  in  Fig.  1.  The 
combustible  mixture  enters  the  102  mm  diameter  extension  tube  containing  glass 


beads  producing  uniform  velocity  profile  within  the  tube.  A  liquid  fuel 


atomizer  is  situated  in  the  center  of  the  extension  tube  as  shown  in  Fig.  1. 

Two  different  types  of  atomizers  with  fundamentally  different  working 
mechanisms  are  considered.  The  first  type  is  a  high-pressure  liquid  fuel 
atomizer  such  as  used  in  conventional  oil  spray  burners.  Here,  atomization  is 
accomplished  by  passage  of  high  pressure  liquid  through  a  small  orifice  of 


special  geometry.  The  liquid  was  introduced  to  atomizer  from  a  1  liter 
scorage  tank  pressurized  by  nitrogen  using  a  pressure  regulator.  The  nozzle 
was  designed  to  operate  at  100  psig  under  a  constant  flow  rate  of  0.85  gallons 
per  hour  (GPH).  Thus,  changing  the  liquid  fuel  flow  rate  was  only  possible 
through  reduction  in  liquid  back  pressure  which  would  necessitate  operation 
away  from  the  optimun  design  pressure.  Also,  the  rated  capacity,  0.85  GPH,  is 
an  order  of  magnitude  in  excess  of  the  required  flow  rates  of  the  fuels.  Such 
atomizer  had  to  be  used  because  of  the  limitations  in  the  lowest  possible  flow 
achievable  in  this  type  of  atomizer.  The  divergent  angle  of  the  spray  cone 
was  80  degrees. 

The  second  type  of  atomizer  employs  ultra-sonic  vibration  of  a  specially 
designed  nozzle  using  piezo-electric  crystals  for  liquid  atomization.  This 
atomizer  produces  droplets  20-50  ym  in  size  with  negligible  axial  momentum. 

For  this  atomizer  the  liquid  fuel  was  fed  into  the  nozzle  by  gravity, 
maintaining  a  desired  level  of  liquid  fuel  at  all  times.  The  ultra-sonic 
atomizer  produced  a  narrower  jet,  about  40  degrees  spray  angle,  with  little 
unatomized  liquid  flow. 

The  atomized  droplets  are  in  part  entrained  by  the  methane/ air  mixture. 

In  passing  through  the  contoured  nozzle,  a  uniform-velocity  polydispersed 
spray  is  formed  at  the  exit  plane  of  the  nozzle.  This  flow  subsequently 
Impinges  on  a  flat  quartz  plate  located  at  a  specified  and  fixed  height  above 
the  nozzle  rim.  As  shown  in  Fig.  I,  a  ring  of  cooling  wacer  with  small  water 
jets  surrounds  the  nozzle  for  cooling  the  rim  as  well  as  the  exhaust  system. 

A  fuel  drain  pipe  is  provided  for  droplets  which  may  accumulate  within  the 
glass  bead  region.  An  exhaust  system  is  surrounding  the  nozzle,  Fig.  1,  to 
prevent  the  upward  motion  of  the  hot  products  of  combustion  and  also  for 
removal  of  these  gases  from  the  laboratory.  The  quartz  plate  provides  for  the 


observation  and  photography  of  the  spray  from  the  top.  Since  some  drops  can 


survive  through  reaction  zone  and  will  impinge  on  the  hot  quartz  plate,  the 
thermal  shock  property  of  silica  is  essential.  The  observations  through  the 
transparent  window  allow  for  better  monitoring  of  droplet  motion,  evaporation 
and  combustion  after  the  reaction  zone.  The  system  is  capable  of  providing  a 
stable  flat  flame  of  any  gaseous  fuel  with  the  simultaneous  possibility  of 
introducing  droplets  of  any  other  liquid  fuel  into  the  flow  field. 

A  schematic  drawing  of  the  spray  in  stagnation  flow  is  shown  in  Fig.  2 
where  z  and  r  refer  to  the  axial  and  radial  directions.  For  observation  and 
evaluation  of  size  of  the  droplets,  a  sheet  of  Argon-ion  laser  light,  1-2  mm 
thick,  is  produced  by  passing  the  laser  beam  through  a  cylindrical  lens.  The 
light  sheet  can  then  be  oriented  either  parallel  or  perpendicular  to  the  axis 
of  the  spray  jet.  This  will  allow  for  observation  of  droplet  streamlines  as 
well  as  the  droplet  diameters,  respectively,  at  any  axial  and  radial  location 
within  the  flow  field. 


Sprays  in  Nonreactlve  Flows 

To  explore  the  general  features  of  the  sprays  in  stagnation  flows,  the 
spray  of  water  droplets  in  air  are  considered  first.  Figure  3  shows  the 
direct  photograph  of  the  streamlines  which  is  obtained  when  water  droplets  are 
Illuminated  by  laser  sheet  light  passing  through  the  jet  centerline  parallel 
to  the  axial  direction.  Unless  otherwise  specified,  the  ultra-sonic  nozzle  is 
used  In  these  tests.  The  faint  opposing  streamlines  above  the  stagnation 
plane  are  the  reflections  of  the  lower  streamlines  in  the  transparent  quartz 
plate.  The  bright  intense  line  is  the  front  edge  of  the  thick,  15  mm,  quartz 
plate . 

A  most  interesting  feature  of  the  flow  field  shown  in  Fig.  3  is  the 


boundary  layer  adjacent  to  the  quartz  plate.  As  is  to  be  expected  for 
stagnation-point  flows,  the  thickness  of  the  boundary  layer  is  constant.  The 
streamlines  are  seen  to  primarily  deflect  and  produce  curves  which  are 
asymptotic  to  the  boundary  layer.  The  uniform  spacing  between  these 
streamlines  also  reflects  the  uniformity  of  droplet  distribution  in  the 
spray.  These  water  droplets  are  anticipated  to  be  in  20-50  pm  range  based  on 
suggestions  of  atomizer  manufacturer.  Some  occasional,  and  relatively 
brighter,  streamlines  are  also  identifiable,  see  Fig.  3,  which  do  not  diverge 
as  much  and  cross  the  boundary  layer  and  impinge  on  the  plate.  These  are 
believed  to  belong  to  the  few  larger  droplets  with  too  much  inertia  which  do 
not  follow  the  gas  flow.  Me  can  also  identify  these  larger  droplets  in  the 
presence  of  flames  to  be  discussed  later. 

In  Fig.  4,  a  series  of  photographs  taken  from  the  top  view  through  the 
quartz  plate  are  shown.  Here,  the  laser  light  is  a  horizontal,  planar  sheet 
which  is  perpendicular  to  the  axis  of  symmetry  at  different  axial  positions. 
The  top  view  is  therefore  dependent  on  the  thickness  of  the  laser  sheet  light, 
as  well  as  the  axial  position  and  the  exposure  times  used  in  photography.  We 
note  that  near  the  nozzle  rim  streamlines  are  vertical,  Fig.  3,  and  the  top 
view  will  show  the  initial  drop  size,  Fig.  4a.  Near  the  boundary  layer,  on 
the  ocher  hand,  the  drops  are  diverging  and  will  produce  radial  streamlines, 
see  Fig.  4b,  which  diverge  from  the  jet  axis  of  symmetry. 

If  Che  direct  photographs  from  the  top  views  are  sufficiently  magnified, 
the  size  and  distribution  of  the  drops  at  various  axial  positions  along  the 
spray  can  be  investigated.  An  example  of  such  a  process  is  shown  in  Figs.  4c- 
4d ,  which  are  preliminary  results  obtained  by  magnification  of  the  central 
portion  of  the  spray  shown  in  Fig.  4a.  Thus,  Fig.  4d  is  obtained  by 
magnifying  Fig.  4c  using  a  conventional  microfiche  system.  In  these 
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preliminary  examples  Che  potential  of  Che  technique  is  clearly  demonstrated. 
This  is  quite  useful,  since  the  droplet  characteristics,  before  reaching  a 
flame  and  after  passage  through  the  flame,  can  be  examined. 


Sprays  in  Reactive  Flows 

In  the  following,  combustion  of  polydispersed  droplets  of  methyl-  and 
ethyl- alcohol ,  kerosene,  heptane  and  octane  within  the  background  of  lean 
methane/air  mixture  have  been  considered.  The  experiments  involve  the 
establishment  of  a  homogeneous  lean  methane/ air  flame  first.  Next,  droplets 
of  the  above  fuels  are  introduced  into  the  flow  field  and  burn  as  they  enter 
the  planar  methane  flame.  Therefore,  the  methane  flame  act3  as  an  ignition 
source  for  the  sprays.  The  fuel  droplets  are  made  visible  by  the  laser  light 
scattering . 

Before  considering  liquid  fuels  however,  the  characteristics  of  the  lean 
methane/air  flames  as  droplets  of  water  are  introduced  in  the  flow  was 
examined.  Thus,  the  modifications  of  the  otherwise  homogeneous  reaction  zone 
as  a  result  of  the  effects  of  inhomogenities ,  drop  vaporization  in  the  absence 
of  chemical  reaction,  could  be  examined.  In  Fig.  5a,  the  direct  photograph  of 
the  initial  lean  methane/air  flames  Is  shown.  In  the  presence  of  water 
droplets,  Fig.  5b,  a  homogeneous  region  of  soot  formation  appears  on  the 
downstream  side  of  the  flame.  This  is  quite  interesting,  since  the  methane 
flame  is  actually  fuel  lean  and  not  easily  susceptible  to  soot  formation. 

This  phenomena  is  clearly  related  to  the  cooling  effects  caused  by  water 
evaporation  in  these  hot  post-flame  regions.  Figures  5c  and  5d  are  direct 
photographs  of  methane/air  flames  with  the  water  drops  which  are  illuminated 
respectively  upstream  and  downstream  of  the  reaction  zone.  The  reduced  number 
of  visible  lines  in  Fig.  5d  reflects  the  fact  that  many  of  the  smaller  water 


drops  actually  vaporized  in  passage  through  the  flame.  Finally,  comparison  of 
Fig.  5a  with  Figs.  5b-5d  show  that  the  flame  thickness  increases  as  the  water 
droplets  are  added  to  the  gaseous  stream. 

For  sprays  of  combustible  fuels,  basically,  two  distinguishable  burning 
modes  were  observed  depending  on  the  volatility  of  the  liquid  fuels.  For  less 
volatile  fuels  with  large  heat  of  vaporization,  such  as  kerosene,  methyl-  or 
ethyl-alcohol,  droplets  remained  intact  until  they  closely  approached  the 
methane  flame.  Here,  droplet  evaporation  and  combustion  occur  primarily  near 
and  downstream  of  the  methane  flame.  For  volatile  fuels  such  as  heptane  and 
octane,  on  the  other  hand,  droplet  evaporation  occurs  immediately  after 
atomization.  Thus,  these  fuels  produce  appreciable  vapor  which  subsequently 
bums  within  the  methane  flame. 

In  Fig.  6,  direct  photographs  of  methane/air  flames  in  the  presence  of 
droplets  of  methyl-alcohol  are  shown.  The  side  view  of  this  burning 
configuration.  Fig.  6a,  shows  that  no  soot  is  observed  in  the  presence  of 
methanol  sprays.  However,  the  thickness  of  the  original  methane/air  flame  was 
seen  to  increase  when  methanol  droplets  were  added.  The  top  view  shown  in 
Fig.  6b  corresponds  to  the  horizontal  laser  light  at  axial  position  5  mm  below 
the  flame  sheet.  Therefore,  the  small  droplets  shown  in  Fig.  6b  are  pre-flame 
droplets.  The  characteristics  of  ethyl-alcohol  sprays  were  quite  similar  to 
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those  observed  for  methyl-alcohol.  This  result  clearly  shows  that  droplet 
size  can  be  studied  without  much  interference  from  the  flame  radiation. 

A  series  of  photographs  showing  various  stages  as  increasingly  more 
droplets  of  kerosene  are  added  to  the  methane/air  mixture  are  shown  in  Fig. 

7.  It  is  noted  that  for  these  tests  with  kerosene,  the  high  pressure  atomizer 
rather  than  the  ultra-sonic  atomizer  is  used.  As  a  result,  the  droplets  are 
expected  to  be  larger  for  this  situation.  First,  the  planar  methane  flame  of 
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Fig.  7  a  changes  and  anchors  on  Che  nozzle  rim  as  shown  in  Fig.  7b  as  a  result 
of  the  change  in  mixture  composition  which  approach  towards  stoichiometric 
condition  as  the  kerosene  is  added.  A  trace  of  yellow  color  due  to  formation 
of  soot  follows  the  individual  kerosene  drops  as  they  burn  downstream  of  the 
methane  flame.  For  large  quantities  of  droplets,  the  soot  formation  is  quite 
large,  see  Fig.  7e,  as  expected  for  these  exceedingly  rich  burning  conditions. 

Another  observation  in  Fig.  7  is  the  gradual  thickening  of  the  reaction 
zone  as  kerosene  is  added  to  methane/air  mixture.  This  agrees  with  the 
earlier  observations  [5,6]  of  the  reaction  zones  in  sprays  as  compared  to 
homogeneous  gaseous  mixtures.  Also,  variation  of  the  flame  position  with 
respect  to  the  stagnation  plane  is  detected  which  is  an  indication  of  the 
change  in  the  flame  propagation  speed.  Indeed,  the  value  of  the  axial 
velocity  at  the  upstream  edge  of  the  preheat  zone  is  defined  as  the  stretched 
flame  propagation  speed.  It  is  also  noted  that  as  more  droplets  of  kerosene 
are  added,  the  methane  flow  rate  can  be  substantially  reduced  while 
maintaining  steady  burning. 

For  heptane  and  octane  sprays  when  using  the  high  pressure  atomizer,  the 
flames  were  found  to  be  highly  corrugated  and  unstable  [12].  This  is  caused 
by  the  rapid  evaporation  of  the  droplets  and  the  subsequent  mixture 
composition  nonuniformities.  Moreover,  the  flames  of  these  sprays  showed 
highly  cellular  structures  under  chaotic  motion.  This  is  expected  for  rich 
mixtures  of  these  fuels  and  is  the  manifestation  of  the  dif fusional-thermal 
instability  discussed  by  Sivashinsky  [17].  It  is  believed  that  the  generation 
of  more  uniform  droplets  by  the  new  ultra-sonic  atomizer  will  help  in 
obtaining  flat,  but  not  necessarily  smooth,  flames  of  these  fuels. 


Concluding  Remarks 


|  The  present  report  represents  the  first  investigation  of  the  combustion 

i  of  liquid  fuel  sprays  in  the  stagnation  flow  configuration.  The  complete 

description  of  all  of  the  implications  of  the  present  experimental  model  is 
|  quite  extensive  and  will  encompass  almost  every  aspect  of  the  field  of  spray 

I 

combustion.  In  what  follows  certain  general  and  immediate  application  of  the 
experimental  system  will  be  outlined  and  cheir  relevance  to  the  broad  topic  of 

i 

|  turbulent  spray  combustion  will  be  emphasized.  The  objective  of  the  studies 

described  herein  is  to  help  in  closer  modeling  and  improved  understanding  of 
the  combustion  proceses  within  turbulent  sprays  such  as  in  liquid  rocket 
engines . 

To  begin  with,  the  position  of  flames  within  the  stagnation  flow  will 
provide  for  immediate  evaluation  of  the  flame  propagation  speeds  in  poly  or 
mono  dispersed  sprays  under  varying  rates  of  stretch.  The  extrapolation  to 
zero  rate  of  stretch  will  then  give  the  precise  value  of  the  laminar  flame 
propagation  speed  in  the  spray.  Here,  the  flame  propagation  speed  is  defined 
|  as  the  value  of  the  axial  velocity  at  the  upstream  edge  of  the  preheat  zone. 

It  is  noted  that  since  flame  surfaces  within  turbulent  sprays  always  undergo 
stretching,  the  provision  for  systematic  variation  of  the  stretch  rate  by  the 
model  is  significant. 

Another  important  feature  of  the  present  model  is  that  it  provides  a 
steady  and  planar  flame  within  the  spray,  thus  allowing  for  accurate 
diagnostic  evaluation  of  the  flame  structure.  Therefore,  both  pre-  and  post¬ 
flame  processes  can  be  investigated.  Furthermore,  the  phenomena  of  flame 
extinction  due  to  variations  in  droplet  size,  droplet  number  density  or  rate 
of  stretch  can  be  studied.  The  knowledge  of  flame  extinction  is  important 
since  it  determines  whether  or  not  a  flame  sheet  will  undergo  local  extinction 


within  the  turbulent  spray.  Also,  determination  of  the  temperature  profile 
across  the  planar  flame  will  provide  much  needed  information  concerning  the 
structure  of  the  reaction  zone. 

Since  the  fuel  droplets  scatter  laser  light,  determination  of  the  droplet 
velocity  with  laser  doppler  velocimetry  is  readily  accomplished  without  tne 
need  for  seeding  the  flow  field  with  particulates.  Also,  using  the  laser 
sheet  lighting,  the  trajectory,  size  and  distribution  of  droplets  can  be 
determined  through  photography  and  cinematography.  Therefore,  the  actual 
history  of  evaporation  and  combustion  of  the  droplets  can  be  studied.  Since 
velocities  after  the  planar  flame  increase  by  many  folds  due  to  sudden 
expansion,  the  motion  of  droplets  are  expected  to  be  accelerated.  Knowledge 
of  the  droplet  history  and  possible  break-up  through  such  severe  velocity  and 
temperature  gradients  is  important  to  the  understanding  of  spray  combustion. 

In  addition,  the  experimental  model  can  be  used  to  evaluate  the  burning 
characteristics  of  sprays  under  systematic  variation  in  the  phase  of  the 
fuel.  Using  a  liquid  vaporizer,  the  fuel  can  be  introduced  either  as  droplet 
or  as  vapor  premixed  with  air.  Since  the  reaction  zone  is  governed  by  gas 
phase  combustion,  depending  on  the  overall  fuel/air  ratio,  an  optimum  burning 
regime  can  thus  be  identified.  Also,  combustion  of  any  liquid  fuel  within  the 
background  of  another  gaseous  fuel  and  oxidizer  mixture  can  be  analyzed. 
Indeed,  the  results  presented  herein  on  combustion  of  kerosene  droplets  within 
lean  methane/air  mixture  represent  such  situation.  The  potential  implication 
of  an  optimization  procedure  when  the  characteristics  of  the  liquid  and 
gaseous  fuels  are  judiciously  chosen  could  be  far  reaching  and  in  need  of 
further  exploration. 

As  was  mentioned  earlier,  in  rich  sprays  of  heptane  and  octane,  the  flame 
surfaces  were  observed  to  assume  cellular  structure.  Thus,  the  present  model 


is  an  excellent  vehicle  for  the  study  of  the  well  known  flame  instability 
phenomena  in  turbulent  spray  combustion.  The  understanding  of  the  methods  for 
suppression  or  judicious  enhancement  of  such  instabilities  [18]  is  also 
relevant  to  the  understanding  of  liquid  rocket  combustion.  Finally,  the  study 
of  counterflow  diffusion  flames  of  two  sprays  can  be  performed.  Here,  the 
structure  of  a  diffusion  flame  supported  by  counter  flowing  sprays  of  oxidizer 
and  fuel  within  the  background  gaseous  nitrogen  will  be  considered.  Studies 
on  interactive  combustion  of  premixed  flames  introduced  earlier  [19,20]  can 
also  be  extended  to  sprays  in  the  counterflow  configuration. 

In  view  of  the  above  considerations ,  the  diverse  applications  of  the 
proposed  model  to  the  study  of  spray  combustion  is  apparent.  The  present 
report  established  the  feasibility  of  the  model.  Although  the  above  mentioned 
topics  are  quite  diverse  in  nature,  they  can  all  be  viewed  within  a  global 
framework  aimed  at  modeling  turbulent  spray  combustion. 
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Figure  Captions 

Figure  1.  Schematic  of  stagnation  flow  spray  burner. 

Figure  2.  Stagnation-point  spray  flowfield. 

Figure  3.  Direct  photograph  of  streamlines  in  nonreactive  spray  of  water 
drops  in  air. 

Figure  4.  Direct  photographs  showing  top  views  of  water  sprays  illuminated 
with  laser  sheet  lighting. 

Figure  5.  Direct  photographs  of  CH^/air  flames  in  presence  of  water  droplets 
(a)  Pure  CH^/air  flame  (b)  CH^/air  flame  with  water  drops 

(c)  CH^/air  flames  with  water  drops  under  pre-flame  illumination. 

(d)  CH^/air  flame  with  water  drops  and  post-flame  illumination. 

Figure  6.  Direct  photographs  of  CH^/air  flames  with  methyl-alcohol  drops 
(a)  side  view  ( b)  top  view  with  laser  sheet  lighting. 

Figure  7.  Direct  photographs  of  CH^/air  flames  as  increasingly  more  drops  of 
kerosene  are  introduced  into  the  flow. 
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Monitoring  Enviror.ner.tal  Quality  by  Metabolite  Analysis 

by 

Richard  G.  Stebbir.s 

ABSTRACT 

The  L’SAF  has  an  interest  in  determining  the  extent  of  its 
responsibility  for  environmental  damage  caused  by  its  more 
heavily  used  products  such  as  JP-4  jet  fuel,  insecticides , 
plane  deicer  and  AFFF  foam.  The  transient  nature  of  the  toxic 
components  of  these  products  in  the  environment  makes  specific 
chemical  monitoring  of  suspected  spills  problematic.  Bluegills 
were  seperately  exposed  to  Malathion  and  JP-4  jet  fuel,  while 
golden  shiners  were  seperately  e'-oosed  to  Malathion,  JP-4, 
plane  deicer  and  AFFF  foam.  The  livers  and  guts  of  the  bluegills 
and  the  guts  of  the  shiners  were  analyzed  for  the  toxic  components 
of  these  formulations  and  the  suspected  metabolites  of  these 
components.  These  analyses  and  the  feasibility  of  using  such 
analyses  to  monitor  environmental  quality  are  discussed. 
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Ma  lath  ion  is  a  heavily  organophosphorous  pesticide  1  -  '  tn 

structure  and  mass  spectrogram  or  which  are  s  h own  in  Fig.  la.  It 
is  used  cy  corn  mericai  agricultural  concerns,  by  those  interested 
;  r,  residential  lawn  and  garden  care,  and  by  companies  special  ir  in 
in  mosquito  control.  T  r.  i  s  heavy  use  makes  it  a  rather  common 
environmental  pollutant.  Both  the  behavorial  ( 2 )  and 
physiological  '3,4!  effects  of  this  compound  to  piscine  species 
have  been  noted. 
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Analysis  of  this  pesticide  and  assessment  of  its  impact  on  the 
aquatic  environment  are  complicated  by  the  fact  that  M a  !  a  t  h i c  n 
treats  down  ■  hydr  o i y:es <  in  water  and  is  also  net  ate !  : :e:  b  v 
a  t  _  a  t  it  organisms  '  £  ,  £  ,  ~  ,  c  <  .  Fig.  .la  shows  the  structure  or  sene 
c  :  ‘he  mere  common  metaooiic  a  n  cl  hydrolytic  products  or  M  a  ;  a  t  f.  i  c  n 
DMTr  a  r,c  1  fdl-Tr  r.ave  teen  ;  cent  i  f  ied  as  metat  :■  i  i  c  products  in 
rr.ammais  ic,  7  w  h  i  i  e  MCA,  BCA  and  Maiaoxon  have  been  identified  a 
metabolic  products  of  mammals  and  some  species  of  saltwater  fish 
'  i  ,  3 , 6 ,  -  1  .  he  1  ;  t e  r  a  *  u  r  e  references  identifying  the  metabolic 
pa  t  r.wa/s  of  Me  .  a  t  r. :  or.  ;r  :  ;  e  s  h  water  fish  were  founc.  £  s  r.ce  'IC  A, 
l1'"'/*  b  r.  c  ^  a  .  0  'T  >"  c  r  r.  0  v  e  s  :  r  0  a  c  v  t*  e  e  n  i  a  0  t  t  i  ?  ;  0  d  c  r  0  *  a  t  z  '  :  c 
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Mater  i  a  i  £  :  eorcn  trill  uor  ide  14%  in  methane!  ■  V  a  r  i  a  -  ,  ’ ,  - 

methyl  -N‘  -  ni  :ro-fJ-ni  trosoguansdine  t  S7\,  Aidriciv  ,  Ms  .  t  r, :  ;  , 

Malaoxon,  the  dicarfcoxy!  ic  acid  of  lia  lathi  on  (L'CA’.tne 
1  -  e  t  hy  )  monoca  r  bo  x  v  !  i  c  acid  of  Malthion  (MCA),  the  dine*,  hv!  ester 
cf  D  C  A  and  the  methyl  ester  of  the  1-ethyl  MCA  •  s  u  p  ,t  1  i  e  z  tv 
American  Cyanamid  cf  Princeton,  N.J.)  were  all  used  without 
further  purification.  Ail  were  refrigerated  between  uses.  7  n  e 
solvents  hexane,  methanol,  diethyl  ether,  ethyl  acetate  and 
acetonitrile  were  all  Baker  resi-analyzed  or  trie  equivalent. 

Inst  r umenta  t i on :  Chromatograms  were  obtained  using  a  Varian 
3700  gas  chromatograph  with  a* 3  Ni  electron  capture  detector  and 
2M  x  1/6”  glass  column  packed  with  a  0V-101  •*  6%  C'V-210  on 

60/100  mesh  Gas  Chrom  Q.  The  temperature  of  the  infection  port, 
column  and  detector  were  200 °  •  200''-  and  300°  3  respectively.  T 

carrier  gas  was  graae  5  nitrogen,  (  A  i  r  c  o  >  with  a  f.tw  r  a  *  e  :f 
c  c / m i n .  A  Varian  w  2  7 0  integrator  recorded  and  quant  if  it:  t  *  e 
chromatographic  response.  Gc  mass  spectograms  were  obtained  cr  a 
HP  56a0 A / HP59S7 - MS / HP  100-DS  system  with  a  2E  meter  £E-5w 
capillary  cciumn.  The  carrier  gas  was  helium  flowing  at  i  cc  •  n  i 
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r  .-  c  m  ;•  s  :  r  t  fur  purf  ctispounci  5.£':.ve;  ;  r  hexene. 

'  •.  ~  e  s  :  :  r  _r  t  r  a  t  •.'£  =  «•  standard  sen  ut  i  :n-  arc  ;rr.v  .  cr  e  -z 

rur.ct  icn  of  tire  even  when  refrigerated  and  must  be  replaced 
pe:  icciico  .  !y.  A.!  standard  solutions  were  refrigerated  between 

uses.  Triplicate  analysis  of  Ka lath  ion  in  water  was  performed  or 
1  2  5  c:  sar.pies  collected  and  stored  in  glass  Dotties  with  teflon- 
coated  screw  tops.  The  samples  were  refrigerated  and  processed 
witnir.  1  w  hours  of  collection.  All  glassware  used  in  the  analysis 
including  the  collection  bottles,  was  cleaned  in  accordance  with 
EFA  method  606  and  rinsed  three  times  with  resi -  analysed  hexane. 
Eacn  sample  was  acidified  with  1  ml  of  HC1  and  extracted  with  25, 
15,  and  10  ml  portions  of  15%  diethylether/hexane  v / v .  The 
combined  vclurr.es  were  dried  over  anhydrous  sodium  sulfate  until 
ready  for  g  c  analysis. 


-up  :  c  a  t  e  analysis  of  a  .  a  t  i  c  r.  :  r.  tissue  was  performed  cm 
fresh./  sacrificed  fish.  At  sacrifice,  the  arprcrriate  tissue  was 
immediate'/  correct e d  'within  20  minutes'  arc  ground  for  lo 
minutes  w :  t  r,  a  5  rr,  i  portion  of  1 5  %  diethylether/hexane  in  an  all 
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;  o  m  .  t  was  r  !  sC‘u  or,  a  r  I  of  os  ;  I  c  c  .  u rr  r  ao:  e  J  u 
e.  The  2nd  1%  methanol  -  hexane  traction  contained  the 
vat  iced  MCA  and  DC A. 


i  s  h  :  For  exposure  to  M  a  !  a  t  hi  i  o  r. ,  both  b  1  u  e  g  i  1  I  s  <  L  . 

?ck: r u g  1  ana  goiaen  shiners  <  N  .  Crvsta leucas )  were  used.  Four 
rs  or  :  iuegi  !  : s  were  obtained,  the  first  from  a  commercial 
nery  :  r,  roteet,  Texas  and  the  i  a  s  t  three  from  a  commercial 
nery  in  LaVernia,  Texas.  The  shiners  were  obtained  from 
oil  Cutting  of  Standish  Maine.  Three  fish  each  comprised  the 
rol  and  exposed  group-  The  bluegills  were  housed  in  20  I 
s  aquaria  containing  1 4  1  of  dech 1  or i nated ,  gently  aerated 

r  at  7 1 - 7  6 r  F  and  ~ H  =  7.2.  The  shiners  were  housed  in 
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ard  water  a  •  1  -  7  a  °  F  .  The  cH  c  f  *  he  w  =• 
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~C>  upon  comp  ie*  icn  of  t  he 


:ced  tc  the  water  trier  *: 


iduc'.ion  cf  the  *  ;sh  such  that  t  he  initial  concentration  of 
■.hi  c  -  was  :  1  .  :  t  ;  f  ;  r  t  r.e  t  :  ue  f  i  l  i  s  and  \  2  V  prf  for  -'.e 


?j 

li 


derivatives  ct  p  c  s  s  :  c  i  e  m  etaooiites  were  chr  oira  top  r  n 


(L.  .w  'j  r*  «  &  ; 


conditions  s  p  e  c  i  r  i  e  d  in  the  experimental  section.  Retention  tine 
sensitivities  and  the  minimum  cetect ion  limits  associated  with  t 
compounds  are  given  in  T  a  o  i  e  la. 


Because  of  the  wide  range  of  vaiues  reported  in  tne  i iterator 
associated  with  the  rate  of  Hydrolysis  of  Na lathion,  it  was 
necessary  to  make  an  independent  measurement  of  this  value.  A 
solution  of  150  p p b  Ma lathion  in  deionised  water  at  pH  equal  7 . c 
and  25^  was  allowed  to  stand  open  to  the  atmosphere.  An,  aliquot 
was  taxer,  every  two  days  and  analysed  for  Malt  h  ion.  A  plot  of  t  h 
natjral  log  or  the  chromatographic  response  as  a  junction  or  tin 
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The  correlation  coefficient  tor  the  regression  ua 


P.  -  -0.591a.  Uhen  the  experiment  was  repeated  under  the  same 
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:  i  n  c  e  t  n  e  hydrolysis  products  c-t  Ma  lathicr  are  d  i  r  :  e  :  e  -  * 
jCiOiC  c-r  r:-£  :  :  sc  i  u  t  ior.s  1  1  and  since  the  n  a  t  >_■  r  a  !  ws*srs  j  - 

which  trie  :  ish  were  housed  were  basic,  identification  ct  hvorei  sis 
products  was  accomplished  at  pH  =  6.00  and  11.46.  Natural  water  w 
adjusted  to  these  pH  values  by  addition  of  small  amounts  c:  NaOH 
After  sitting  open  to  the  atmosphere  at  the  pH  of  interest  for  a 
week,  the  solutions  were  analysed  for  the  hydrolysis  products,  i 
order  to  accomplish  this,  ertracted  uater  samples  were  derivatid 
so  that  MCA  and  DCA  were  c h r oma t o g r apha b 1 e . 

Methylation  of  standard  solutions  of  MCA  and  DCA  with  BF./ 
methanol  resulted  in  none  of  the  methyl  esters  of  these  compound 
but  did  yield  the  methyl  ester  of  DMDTP  ( RT  =  5.36  min.  on  the 
packed  glass  column  and  confirmed  by  gc/ms  on  a  separate 
column;.  Methylation  with  diazomethane  yielded  the  monomethvi 
es'er  or  MCA  and  the  dimethyl  ester  or  DCA  respectively,  but  r.ev 
: n  quantitative  yield.  Twenty-six  %  c  f  the  MCA  was  converted  w n ; 
only  five  %  of  the  DCA  was  converted. Si  nee  these  latter  com  r  c  unc 
are  of  primary  interest  fur  trier  samples  were  methyiatec  with 


d  i  a  z  o  m  e  t  K  a  n  e  . 


Table  1  a 


Chromatographic 

Characteristics  of 

Organophosphorous 

Compounds 

Compound 

RT  (min) 

SEN  ( R/pg ) ^ 

MDL  (pg) 

Ma lathi on 

12.90 

112 

38 

MCA  (4-ethyl-l-: 

nethyl)  10.86 

228 

18 

CCA  (dimethyl) 

9. 10 

926 

4  .  4 

Malaoxon 

13. C2 

a)  Obtained  or.  a  2K  x  1/8”  glass  column  packed  with  4%  OV-101  +  6% 
OV-21C  on  80/100  mesh  Gas  Chrome  Q.  Column  T-200°.  The  detector 
is  an  ECD. 

b)  Integrator  response  units  per  picogram 

c)  Minimum  detector  limits  on  picograms 
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TIKE  (DAYS) 


Fig.  3a.  Ln  of  response  v$.  time  for  the  breakdown  of  Malathion  in 
deionized  water  at  25°C  and  pH  =  7.0. 
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uni  easso  i  e,  t'-Anuno-i-naprithol  was 
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original  gut  extract  spiked  with  t  h  e  6 - 
tr.e  peji  at  _c.cE  minutes  'Fig.  xt"  ass 


6  -  a  rr.  i  n  c  -  _  -  n  a  p  h  t  h  o  i  cent  i  r  med  this  compound  as  a  rs'stci  itf  .  This 
same  procedure  was  repeated  on  a  lOM-methyl  silicone  column  with 
trie  same  results.  it  should  be  noted  that  a  i  though  the  peak  cl 
interest  was  distinct  on  the  plot,  its  area  was  beiow  the 
discrirr.  inatcr  level  set  on  the  integrator  and  therefore  no 
quantitative  estimate  of  c  o  n  c  e  n  t  r  a  t i o  n  was  aval  .able.  Since  the 
estimated  sensitivity  of  the  FID  is  greater  that  that  or  the  HP 
gc-ms  by  about  a  factor  of  10  (even  in  the  ge-ms  SiM  mcoe)  we  were 
unaole  to  reconfirm  this  compound  by  gc-ms. 


f  i 


£  & 


ho  6-aminc-2-naphthoi 
n.  This  implies  that 
s  compound  ieads  to  a 
weetr  r  he  *  i r  s  t  and  r 


was  observed  in  the  5  hour  or  96  hour 
the  uptake,  storage  and  metabolism  of 
maximum  concentration  of  the  n  a  p  h  t  h  o 1 
art  r,  cay  of  exposure,  ft.  ;  owed  ov  slow 
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s  t  --  n  *  :  j.  1  amounts  c-f  un  metabolize  a  n  a  p  h  t  h  a  i  e  r.  i  ;  s  w  t 


c  e  f.  t  :  r  :  e  d  i  .  tte  gut  of  bluegi  1 


n  ;  traces  were 


ourd  in  the  gut  of  shiners. 


-Art  ino-2-naphthol  was  identified  as  a  r.etsoolite  in  tne  gut 
r  golden  shiners. 
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Table  lb 


Chromatograph! c  Parameters  of  Aromatic  Compounds 


Compound 

Retention  Time  (Min) 

Response/ 

Toluene 

3.87 

?- Xylene 

4 . 32 

M- Xylene 

4 . 39 

0-Xylene 

4.65 

Naphthalene 

8.00 

34.4 

2 -Methyl naphthalene 

8 . 54 

37  .  4 

]  -Methyinaphthalene 

8 .74 

37  .  2 

1 , 3-Dinethylnaphthalene 

9.27 

60 . 3 

1  -Am.inonaphthalene 

14.34 

36.6 

aFID  response  at  highest  sensitivity 

J~\ 

Obtained  on  a  30M  x.  22irut  ID  DB  wax  column  with  a  flowrate  of 
1.48cc/min  carrier  gas. 
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Table  4b 


Mass  Spectral  Peaks  Associated  With  Naphthalenic  Compounds 


Mass 


Compounds 

1- naphthol 

2- naphthol 

1 . 2- naphthalenediol ,  1,2-dihydro 

1 . 2- naphthoquinone 
1  ,4-naphthoquinone 
8-Amino-2-naphthol 


Intensities  of  peaks  decrease  from  first  to  last, 


144  , 

115, 

116 

144  , 

115, 

116 

116, 

115, 

149  , 

118, 

130  , 

102  , 

50, 

51 

158  , 

104  , 

102  , 

1  30 

143, 

115, 

116 
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Table  5b 


96  Hour  Uptake  of  Naphthalenic 

Compound 

Naphthalene 

1 - Me thy lnaphtha lene 

2 - Methyl  naphthalene 
1 -Me thy lnaphtha lene 

1 , 2-Dimethy lnaphthalene 
1  ,4-Dime thy lnaphthalene 


Compounds  in  Bluegilis  (out)  ' ' : 


4  x  104 
38  .  8 
38 . 0 
19.6 
15.1 
17.0 


J  Response  ratio  of  doped  fish  to  undoped  controls 

k  The  response  is  in  counts  by  a  mass  selective  detector 
of  a  mass  spect rometer  . 
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L'E  I  C  EK 


i  KTfi  jL'UCI  I  ON 

Flan  e  mercer  has  several  different  formulations,  the  maior 
component  always  being  ethylene  glycol (see  the  Hazardous  Materials 
Information  Sheets  for  those  formulations  used  by  the  Air  Force). 
Identification  of  metaboiities  of  ethylene  glycol  in  mammals  (1-4) 
and  in  bacteria  (5)  has  been  previously  accomplished.  However,  no 
work  on  the  metabolism  of  ethylene  glycol  in  piscene  species  was 
found.  In  1961  Gessner  established  that  unmetabolized  ethvlene 
glycol,  along  with  oxalic  acid  were  found  in  the  urine  of  rabbits 
exposed  to  ethylene  glycol,  while  g 1 ycoa 1 dehyde  and  glycolic  acid 
were  identified  as  metabolites  in  various  tissues  of  the  same 
subjects  (1).  Bove  observed  the  same  metabolites  plus  glyoxylic 
acid  in  rats(2).  McChesney  et.al.  found  ethylene  glycol,  glyoxylic 
acid  and  oxalic  acid  in  the  urine  of  rats  and  monkeys  (3).  Arena 
also  reported  these  findings  (4).  Willets  identified  glycolate  as 
a  metabolite  of  a  Flavobacteria  species'5)  and  DeBont  identified 
prcprionate  as  a  bacterial  metabolite  of  1,2-propanediol  <6). 

Although  the  metabolism  of  ethylene  glycol  in  fish  may  be 
quite  different  than  in  mammals  and  bacteria,  it  was  decided  that 
those  metabolites  identified  in  mammals  would  be  good  starting 
point  in  the  search  for  piscene  metabolites.  Fig.  lc  shows  the 
structures  of  ethylene  glycol  and  its  possible  metabolites.  Fig. 


67-46 


2  c  shows  the  structures  of  the  derivatized  (methylated) 
m  e  t  a  b  c  1  i  t  e  s  . 


EXPER 1  MENTAL 


Materials:  Ethylene  glycol  ( 99+ ) , N-me t hy I - N- n i t r o - 

N'  -  nitrosoguanidine,  g 1 ycoa 1 dehvde  dimer  <95%'.  glycolic  acid 
(95*),  g  1  y  o  x  y  1  i  c  acid  (95V).  oxalic  acid  (anhydrous  99  +  )  and 
me t hy 1  me t ho x yace ta t e  (99+),  all  Aldrich,  were  used  without  further 
purification.  1 , 2-Di methoxyethane  (96*),  d i me t hy 1 o x a  I  a t e  (96+) 
me t ho x ya ce t i c  acid  (96*),  all  Chem  Service,  and  methyl  g  1  yoxa late 
(96+)  from  Fluka  were  also  used  without  purification.  The  plane 
deicer  was  obtained  from  Loring  Air  Force  Base  and  had  a 
composition  obtained  from  its  Hazardous  Material  information  Sheet 
of  66.3*  ethylene  glycol  and  33.7*  non-aqueous,  unidentified 
material s . 

Instrumentation:  All  chromatograms  were  obtained  using  a  Varian 

3700  gas  chromatograph  with  6270  electronic  integrator  and  a  flame 
ionization  de tec t o r ( F 1 D ) .  The  column  was  a  30Mx.22mm  DB-WA.X  FSOT 
cap' illary  column  used  in  the  splitless  mode.  The  temperatures  of 
the  injection  port  and  the  detector  were  2«C'“  C  and  300'  C 
res  pec t i ve I y .  The  oven  was  temperature  programmed  at  a>0°  C, 

1 /min. -  10°  /min.  -200°  C,  15  minutes.  The  nitrogen  flow  rate  was 
1.39  cc/min  with  a  linear  velocity  of  26.7  cm/sec.  Gc-mass 
spectrograms  were  ottained  on  an  HP-5890  gc  with  a  S9~0  mass 
selective  detector.  Trie  chromatographic  column  was  at  HP 
12. 5 Mx. 2mm  cross  linked  dimethylsilicone  capillary  column.  The 
carrier  gas  was  helium  flowing  at  1.5  cc/ir.in.  The  i  n  i  e  c  t  .  r  n  port 


wa  s 


snd  e5.:f,  run  wa;  '.firperatijr?  proframmed  :n 


sg- 1  it  less  m.  a  c-  i  :  •;  i.  w.'-'  '  :  li.-;  '  at  1C’5  miru'e. 

Ajnej_v_t_i_caJ  Mat  1.  o  o  s  :  Ttoo  solutions  c-  r  aacK  cl  t  r.e  ;  :  ~  r  :  ;  s 

were  prepared  bv  weigh  in  c  the  appropriate  masses  c-r  earn  into  1. 
ml  volumetric  1  1  asks  and  diluting  to  the  mark  with  methane!.  A 
chromatographic  standard  containing  most  or  trie  comp-cun  os  was 
prepared  by  pipeting  1  ml  portions  of  each  stock  solution  into  a 
volumetric  flask  and  diluting  to  the  mark  (the  concen  t  r  a  t  i  or.  cf 
each  component  in  the  resulting  solution  was  about  5 . 0  x  1  0  '  :  Mi. 

The  chromatographic  standard  was  refrigerated  between  uses  and 
replaced  periodical ly. 

Florosil  columns  were  prepared  by  placing  a  loose  plug  of  glass 
wool  in  the  tip  of  a  chromaf 1  ex  column  (Kontes  #42100  22-Tmm). 

Tne  column  was  packed  with  1.6  gm  of  Florosil  previously  activated 
at  1200C  F.  Granular  sodium  sulfate  1.6  gm  was  then  added  to  the 
top  of  the  column.  The  column  was  washed  with  50  ml  of  nanograde 
hexane  followed  by  50  ml  of  nanograde  methanol  and  then  dried 
over  right  at  130'  in  a  -  oven.  The  columns  were  cooled  *  c  room 

t  emper  a  t  ur  e  and  pre-wet  w  i  t  r  1  mi  c-f  hexane  prior  to  e  ;  u  t  :  ?  -  cl 

t - e  same  e . 

0  j  p  .  :  ca  t  e  ana  i  vs  i  s  c-f  et  r.y  .tne  glycc-l  and  its  pcs  s  i  b  .  e 
metabolites  in  tissue  was  performed  on  freshly  sacrificed  golden 

s'  !'(•;?.  a  •  sacr  :  :  ice.  ♦  he  arrrep-riate  tissue.  !  i  ver  c-r  gut.  was 

e  i  w  i  ‘  r  :  r  2  .  *  :  '  _  •  e  s  :  cea’t  and  ground  I  :  r  it  r  routes 

w  ;  t  n  a  t  rr  .  ’  .:r,  o  I  .  in  an  a  !  i  -  g  I  a  s  s  F  .-rex  in  i  1  :  . 

•  ;  -  c  -e  grinder.  T  '  e  .  ;i;:5  w  -  -  oecar  tea  :  n’.c  a  g  .  a  s  s  cc  .  .  e  :  *  i  :r 


67-48 


tube  and  a  second  5  ml  portion  of  solvent  added.  This  solution 
was  ground  for  an  additional  10  minutes  and  t  n~  liquid  extract 
combined  with  the  first. 

The  sample  was  divided  into  two  equal  portions.  The  first  was 
evaporated  to  dryness  under  a  gentle  stream  or  nitrogen  and 
derivatized  with  diazomethane.  The  resulting  solution  was 
evaporated  to  0.5  ml  placed  on  a  Florosil  column  and  eluted  with 
12  ml  hexane  (fraction  1)  and  12  ml  methanol  (fraction  2).  The 
second  fraction  was  evaporated  to  1  ml  and  stored  in  Teflon- 
stoppered  glass  vials  until  ready  for  analysis. 

The  second  half  was  evaporated  to  0.5  ml,  placed  on  a  Florosil 
column  and  eluted  as  above.  The  second  fraction  was  collected  and 
evaporated  with  nitrogen  to  1  ml  and  stored  in  Tef I  on-stoppered 
glass  vials  until  ready  for  analysis. 

Fish:  Golden  shiners  < N .  Crysto I eucas )  were  used  in  this  study. 

Four  groups  of  golden  shiners  were  supplied  by  Carroll  Cutting 
from  a  private  lake  in  Standish,  Maine,  while  two  groups  were 
supplied  by  Mcgraw's  bait  ponds  in  Clinton,  Maine.  Each  group  was 
acclimatized  for  at  least  a  week  in  a  4  0  gallon  tank  with  water 
from  the  pond  of  origin  before  experiments  were  performed.  Fish 
(groups  of  three)  were  exposed  to  plane  deicer  by  placing  them  in 
a  14  I  aquarium  with  an  ethylene  glycol  concentration  of  5  ppm. 

At  10  p pm  a  significant  number  of  f i s h  expired  during  the  96  hour 
time-span  of  the  experiment.  Simultaneously,  control  groups  of 
three  were  placed  in  similar  aquaria  without  deicer.  Groups  of 
exposed  fish,  both  exposed  and  controls  were  sacrificed  at  2  e  and 


yb  hours 


RESULTS  AND  DISCUSSION 


Table  lc  gives  the  retention  times  and  sensitivities  to  an  FID 
detector  of  ethylene  glycol  and  its  possible  metabolites  (both 
derivatized  and  under i va t i zed ) .  Table  2c  gives  the  mass  spectral 
data  associated  with  these  compounds.  Upon  exposure  to  plane 
deicer  at  5  ppm.  uptake  of  ethylene  glycol  was  observed  in  the  gut 
of  sets  of  fish  sacrificed  at  24  hours  and  96  hours.  Fig.lc 
compares  the  chromatograms  of  gut  extract  from  fish  exposed  to 
plane  deicer  for  96  hours  with  that  of  a  control.  The  peak  at 
11.86  minutes  is  identified  as  ethylene  glycol.  The  concentration 
of  ethylene  glycol  is  greater  in  the  96  hour  fish  than  in  the  24 
hour  fish  by  a  factor  of  two.  Identification  of  the  ethylene 
glycol  was  confirmed  by  gc-ms. 


Of  the  metabolites,  no  g  1  ycoa I dehyde  was  observed  either  in  the 
gc  or  gc-ms.  Glycolic  acid  and  dimethyl  oxalate  (derivatized 
oxalic  acid)  were  observed  by  gc  a  ♦  retention  times  of  9.02  a  -  i 
9.12  minutes  respectively  and  reconfirmed  by  gc'ms,  but  these 
species  were  common  to  both  the  exposed  fish  and  control  groufe 
and  thus  could  not  be  said  to  have  originated  from  the  ethylene 
glycol  of  the  plane  deicer. 


SUMMARY 


i 

i 

1  '  Unmetaboliced  ethylene  glycol  was  identified  in  the  gut  cl  shiners 
exposed  to  plane  deicer. 

2)  The  concentration  of  ethylene  glycol  was  greater  in  96- hour  fish 
than  in  2^-hour  fish. 

3)  Glycolic  acid  and  oxalic  acid  were  identified  in  the  gut  of  shiner 
exposed  to  plane  deicer  but  were  also  found  in  the  control  fish. 

4)  No  metabolites  were  identified  that  could  unambiguously  be  said 
to  come  from  ethylene  glycol. 


Chromatographic  Parameters 

of  Ethylene 

Glycol-Related  Compounds 

Compound 

RT  (MIN) 

Response /Pi cog 

Non-methy lated 

Glycoaldehyde 

8 .39 

5 . 35  x  10~2 

Glycolic  acid 

9.10 

1.45  x  10-1 

Ethylene  glycol 

12.10 

6.69  x  10-1 

Methylated 

1  , 2-Dimethoxyethane 

6.32 

4.28  x  10-3 

Methyl  Methoxyacetate 

6.46 

8.75  x  10_1 

Dimethyloxalate 

9.12 

5.99  x  10_1 

Methoxyacetic  acid 

15.12 

4.44  x  10_1 

a)  Obtained  on  a  30M  x  .22  mm  DB-Wax  capillary  column  in  the  splitless 
mode.  Temperature  programed  at  40°-l  minute,  10°/min,  200°-15  minutes 
The  response  is  in  integrator  response  units. 


Table  2c 


Mass  Spectral  Data  Associated  With  Ethylene  Glycol-related  Compounds 


Compound 

Mass 

%  of 

Ethylene  Glycol 

31 

1.00 

33 

.28 

43 

.11 

42 

.04 

ethylene  glycol 


GLYCOALDEHYDE 


HO  - 


I 

C 

I 


o 

/y 

c 

\ 

OH 


GLYCOLIC  ACID 


GLYOXYLIC  ACID 


0 

0 

// 

C  - 

c 

✓ 

\ 

HO 

OH 

OXALIC 

ACID 

Fig.  lc.  Ethylene  glycol  and  possible  metabolites. 
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CH.O  -  C  -  C  -  OCH-, 

3  I  \  3 


1,2  -  DIMETHOXYETHANE 


ch3o 


METHOXYACETIC  ACID 


0  O 

* 

c  -  c 

s  \ 

H  OCH. 


METHYL  GLYOXALATE 


ch3o 


METHOXYACETALDEHYDE 


CH-0  -  C  -  C 

3  l  V 


METHYL  METHOXYACETATE 


ch3o 


DIMETHYL  OXALATE 


Fig.  2c.  Methylated  metabolites  of  ethylene  glycol 
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1  N  T  K  w  I  ■  U  C  T  i  C1 1 4 


A  r  F F  is  a  commercial  aqueous  lilm-rorming  roam  used  by  the  Air 
Force  to  fight  fires.  The  Hazardous  Materials  Information  Sheet 
on  this  product  states  that  it  is  a  6%  solution  of  the  MMM  product 
Light  water  (FC206)  in  water.  The  major  non-aqueous  component  of 
AFFF  is  diethylene  glycol  monobutylether  (Butyl  Carbitol  or 
2-(2-butoxyethoxy)  ethanol)  at  about  1.6%  by  weight.  Extensive 
literature  work  including  computer  searches  of  various  databases 
yielded  no  information  about  identification  of  metabolites  of  this 
compound  in  any  biological  system.  However,  the  urine  of  rats  was 
found  to  contain  n-butoxyacet i c  acid  as  a  metabolite  of  the 
analagous  compound  Butyl  Cellusolve  (1).  Other  work  identified 
methoxyacetic  acid  and  ethoxyacetic  acid  as  metabolites  of 
ethylene  glycol  monomethyl  ether  and  ethylene  glycol  monoethyl 
ether  respectively  in  primary  testicular  cell  cultures  (2).  Since 
tnese  were  the  only  data  available,  it  was  decided  to  look  for  the 
analogous  2-(2-butoxv  ethoxy)  acetic  acid  as  well  as  a  number  of 
other  related  or  at  least  possible  compounds.  Fig-  id  shows  the 
structures  cf  Butyl  Carbitol  and  some  possible  metabolites.  It 
does  not  show  the  methylated  metabolites. 

EXPEh 1  MENTAL 
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later  ia  i  s  :  fiutvl  (.arbitcl 


,  rut'. 


1-butanol  <  9  9  ♦  >  and  ethlene  glycol  <99-* 


si! 


uncut  turtner  pur  j  ;  ication.  The  AFFF  * 


a  rr  u  a  s 


ct’.ained  from  Lcring  Air  Force  Ease  etc 


rf.air.e: 


from  its  hazardous  Material  Information  £ 1 


or  1 . c %  B: 


Carbitol,  0.1%  t luorocarbon  and  a  host 


trace  constituents 


I  nstrumentat  i  or.:  A1  I  chromatograms  were  obtained  using  a  Va:  iai 


3700  gas  chromatograph  with  4270  electronic  integrator  and  a  flame 


ionization  detector  (FID).  The  column  was  a  30Mx.2Gmm  DB-UAX 


F  5  0  T  capillary  column  used  in  the  splitless  mode.  The 


temperatures  of  the  injection  port  and  the  detector  were  240°  C 


and  300°  C  respectively.  The  oven  was  temperature  programmed  at 


a0°  C,  1  min.  -10°  /min.-  200°  C,  15  minutes.  The  flow  rate  was 


1.39  cc/min  with  a  linear  velocity  of  26.7  cm/sec. 


Gc-mass  spectrograms  were  obtained  on  an  HP-5690  gc  with  a  5970 


mass  selective  detector.  The  chromatographic  column  was  J&W 


30Mx.22mm  DB-WAX  FSOT  capillary  column  used  in  the  splitless  mode. 


'he  carrier  gas  was  helium  with  a  flow  rate  of  1.5  cc/min.  The 


injector  port  and  the  detector  were  240°  C  and  300°  C  respectively 


anc  the  column  was  temperature  programmed  at  a  0°  C ,  1  m i n  .  -  1  0° 


min.  -  200“  C,  15  min. 


Ana  1 y  t i c  a  I  Methaas  :  Stock  solutions  of  each  of  the  compounds 


were  prepared  by  weighing  the  appropriate  masses  of  each  into  10 


ml  volumetric  flasks  and  diluting  to  the  mark  with  solvent.  A 


ch romatographic  standard  with  most  of  the  compounds  was  prepared 


by  pipeting  1  ml  portions  of  each  stock  solution  into  a  volumetr 


component  in  the  resulting  solutions  was  about  5 . 0  x  1  0  -  1  M>.  This 

standard  was  refrigerated  between  uses  and  replaced  periodica!.'. 

Florosil  columns  were  prepared  by  placing  a  loose  plug  of  s  !  a  s 
woo!  in  the  tip  of  a  chromafiex  column  (K antes  ft a 2 1 0 0  2  2  -  7  m  m  ■  . 

The  column  was  packed  with  1.6  gm  of  Florosil  which  was  previous  I 
activated  at  1200°  f.  Granular  sodium  sulfate  <1.6  gm >  was  then 
added  to  the  top  of  the  column.  The  column  was  washed  with  50  ml 
of  nanograd  hexane  fol  lowed  by  50  ml  of  nanograde  methanol  and 
then  dried  overnight  at  130°  C  in  an  oven.  The  columns  were 
coo  1 ed  to  room  temperature  and  pre-wet  with  10  ml  of  hexane  prior 
to  elution  of  the  sample. 

Each  stock  solution  (0.3  ml)  was  separately  placed  on  a 
Florosil  column  and  eluted  with  12  ml  of  hexane  (fraction  1),  12 

ml  of  methanol  (fraction  2)  and  a  second  12  ml  of  methanol 
(fraction  3).  The  resulting  fractions  were  chromatographed  and 
those  fractions  containing  the  compounds  identified. 

Duplicate  analysis  of  Butyl  Carbitol  and  its  possible 
me  tab elites  in  tissue  was  performed  on  freshly  sacrificed  golden 
~  h  l  r,  e  r  c  .  At  sacrifice,  t  h  e  a  p  p  r  o  p  r  i  a  t  e  tissue,  liver  or  gut.  was 
collected  within  20  minutes  of  death  and  ground  for  15  minutes 
with  a  5  ml  portion  of  methanol  in  an  all-glass  Pvrex  19  x  1  Du 
tissue  grinder.  The  extract  was  decanted  into  a  glass  col  lection 
tube  and  a  second  5  ml  portion  of  tissue/solvent  ground  tor  an 
additional  1 0  minutes.  This  extract  was  combined  with  *  he  first. 


evaporated  to  dryness  under 


gent  1  e 


stream  ct 


nitrogen  st; 


c  e  r  :  .at : red  with  d : a o  o me  t tc  re.  The  r  e s u . t : " g  f ;  . u  t : c  r  -  a  s 

e .  a  p  orated  '  o  v .  5  mL ,  placed  cr  a  Fiores:  .  re  :  3rd  eluted 

1  ^  n  1  hexane  'Traction  1  >  and  12  mi  methane  .  traction  _  ■  .  T  -  e 
sec end  Traction,  containing  the  comp ounce  ct  interest,  was 
evaporated  to  i  mL  and  stored  in  Tetion-stcr perea  giass  v 1  a : s 
until  ready  Tor  analysis. 

The  second  hall  was  evaporated  to  0.5  ml.  placed  on  a  Florosi! 
column  and  eluted  as  above.  The  second  Traction  was  collected  and 
evaporated  with  nitrogen  to  ml  and  stored  in  let  :or-stoppered 
giass  vials  until  ready  for  analysis. 

Fish:  Golden  shiners  <  N.  Crvsto 1 euc as >  were  used  in  this  study. 

Four  groups  of  golden  shiners  were  supplied  by  Carroll  Cutting 
from  a  private  lake  in  Standish,  Maine,  while  two  groups  were 
supplied  by  Mcgraw’s  bait  ponds  in  Clinton,  Maine.  Each  group  was 
acclimatised  for  at  least  a  week  in  a  AO  gallon  tank  with  water 
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:H'  ■  v  e  :  e  c  r  n e  letenr  i  on  t  :  m.es  :•  r  Butvi  C a r  t  i  t  i  and  s 

its  possible  metabolites.  Samples  of  Butyl  Cel  1  use  I ve,  n -  butanol 

a '  ■  o  e  t  hv  ;  ene  g  1  vco  i  were  commer c  ia  1  1  v  ava  i  l  aL-  i  e.  bu» 

_ -  bo  to* >  acetic  acid  and  2-i2-butoxvethoxyi  acetic  acid  were 
unavailable.  Table  2d  gives  mass  spectral  data  associated  with 
the  compounds  of  Table  Id.  Upon  exposure  to  5  ppm  Butvi  Cart  it:: 
uptake  or  this  compound  was  observed  in  the  gut  or  fish  sacrifice 
at  96  and  264  hours.  Fig.  2d  compares  the  chromatogram  of  gut 
extract  from  96-hour  exposure  to  Butyl  Carbitol  with  that  of  a 
control.  The  peak  at  14.93  minutes  has  been  identified  as  Butyl 
Carbitol . 


Comparison  of  the  exposed  and  control  fish  chromatograms  leads 
to  the  conclusion  that  either  there  is  no  accumulation  of 
metabolites  in  the  gut,  or  that  they  are  present  in  such  low 
concentrations  as  to  be  undetectable.  Analysis  by  gc-ms  gave 


similar  results. 


.‘iy'i 

I  fif 

■ft 

1 

•  l 


Table  Id 


.'|V 

.‘V 

V 
:# 
■  8 


{M 

If 


Chromatographic  Parameters  of  Butyl  Carbitol-related  Compounds' 


Compound 


N-Butanol 


Ethylene  glycol 


Retention  Time  (min) 


6.00 


12.79 


Butyl  Cellusolve 


9.82 


Butyl  Carbitol 


14.93 


I 


Obtained  on  a  30M  x  .22mm  DB-Wax  capillary  column  in  the 
splitless  mode.  Temperature  programmed  0°-  minute,  l0°/minute, 
200°-15  minutes. 
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Table  2d 


Mass  Spectral  Data  Associated  Wi^..  Butyl  Carbitol-related  Cor.pour.ds 


References 
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and 
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Steen,  Goran, 
Toxicol.,  a  G 
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:!(>s  or  Mo  I  a  t  r.  i  on  an  a  J  P  - «  let  rue:  were  ::e't:r  ;es  ;  r,  ’re 
juts  or  oluegiils  and  goiaen  sni ners  rested i ve : v.  Trererore.  ;  t 
-as  rcssitie  to  monitor  environments:  ;r:ice',.£  associated  u  1  •  n 
t'ese  materials  t  y  metabolite  analysis. 

2 '  MCA  iwe  could  not  distinguish  between  the  two  isomers. 'was  t  h e  most 
useful  metabolite  of  Malathion  to  monitor,  while  6-amino-2-naphthol 
was  the  most  useful  metabolite  of  J  P  -  a  jet  fuel  to  monitor. 

3  ’  Metabolites  of  plane  deicer  and  AFFF  foam  were  net  identified  in 
the  guts  of  shiners,  although  uptake  of  ethvl ere  glvco!  and  Butyl 
Carbitol  was  observed. 

w.  Although  it  was  possible  to  identify  and  even,  quantify  results 
associated  with  metabolites  of  Malathion  and  JP-a,  at  this  time 
several  factors  mitigate  against  using  these  analytical  methods 
to  monitor  environmental  incidents  associated  with  these  materials. 
Namely: 

a>  Rapid  deterioration  of  tissue  following  death 
or  f reeling  makes  sampling  problematic.  Only 
freshly  sacrificed  or  recently  killed  fish  are 
useful . 

b)  The  hydrolysis  of  Malathion,  both  path  and  rate, 
are  dependent  on  a  number  of  variables  including 
temperature,  pH  and  the  concentration  of  different 
metal  ions.  Since  a  possible  hydrolysis  product  is 
MCA,  each  natural  water  system  would  have  to 
be  tested  for  this  compound  to  insure  that  any  MCA 
found  in  the  gut  was  of  metabolic  origin. 

t'  Analysis  of  MCA  requires  a  e  r  i  v  a  t  :  z  a  t  :  c  n  with  c  i  a  z  o  - 
methane,  a  compound  which  is  botr,  e  v  c  .  c  s  i  v  e  and 
m  u  t  a  g  e  n  i  c  . 

c  »  Although  6-aminc-2-naphtho!  was  identified  as  a 
metabolite  of  1-amino-naphthalene  (a  trace 
component  of  JP-4)  the  concentrations  of  both 
were  so  small  that  it  was  difficult  to  see 
them  even  witn  the  most  sensitive  instrumentation. 

e-  The  rate  of  metabolism  of  each  compound  has  not 
teen  thoroughly  studied  a*  tris  time  and  is 
procably  species  dependent.  Therefore,  the  time 
of  exposure  necessary  tc  see  metabolites  in 
various  tissues  j  c  not  certain.  it  is  be i  i even 
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that  the  rate  of  metabolism  of  xenobiotics  in  fish 
is  almost  1/10  that  of  mammals.  This  means  that 


it  is  probably  easier  to  detect 
parent  than  a  metabolite  of  the 


the  vj  n  m  e  t  a  b  i 
parent . 


zed 
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Section  I.  Summary  of  tne  Project  Goals 


The  insitu  testing  of  geological  material  by  blast  loading  is  an 
extremely  complicated  problem  in  which  many  unknowns  are  present. 

Ambiguities  in  the  source  and  site  characterizations  as  well  as  the  normal 
experimental  uncertainties  may  make  any  empirical  material  model  inferred 
from  the  data  highly  questionable.  As  the  goal  of  such  testing  is  a  mecha¬ 
nical  model  of  the  medium  valid  throughout  a  large  range  of  strains,  and 
strain  rates,  it  is  important  to  minimize  the  effect  of  these  uncertainties. 

One  of  several  unanswered  questions  dealing  with  source  charac¬ 
terization  is  that  of  the  source  efficiency  factor. This  factor  relates 
tne  effectiveness  in  producing  ground  motion  of  a  discrete  cylindrical 
source  array  to  that  of  a  continuously  distributed  planar  source  with  the 
same  areal  charge  density.  It  is  not  known  what  effect  charge  diameter  and 
charge  spacing  have  upon  this  factor  but  currently  a  value  between  65-70% 
is  used  in  calculations,  irrespective  of  source  microgeometry.  It  is  not 
known  what  type  and  magnitudes  of  errors  this  might  introduce.  In  this 
report  we  will  examine:  a)  the  dependence  of  the  efficiency  factor  upon 
both  the  source  microgeometry,  and  bj  the  dependence  of  the  efficiency  fac¬ 
tor  upon  the  mechanical  properties  of  the  medium  separating  the  charges. 


Another  largely  unaddressed  question  is  the  effect  of  dispersion  C 2 J C 3 J 
upon  ground  motion  testing.  The  effects  of  dispersion  and  material  atte¬ 
nuation  can  look  similar  when  analyzing  ground  motion  data.  If  the  effects 
of  dispersion  are  not  properly  accounted  for,  any  material  models  obtained 
empirically  will  have  extremely  limited  applicability.  Since  one  goal  of 
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blast-induced  ground  motion  testing  is  the  verification  and  improvement  of 
mechanical  soil  models,  the  treatment  of  dispersion  is  important.  In  addi¬ 
tion,  this  phenomenon  may  be  even  more  important ,  in  some  instances,  to  the 
survivability  of  protective  structures  than  material  attenuation  but 
seemingly  receives  little  attention. 

The  effects  of  dispersion  in  geotechnical  testing  will  be  examined  in 
this  report.  Understanding  dispersion  in  earth  materials  is  essential  to 
the  proper  interpretation  of  the  data  obtained  from  this  testing  and  there¬ 
fore  to  the  mechanical  models  derived  from  this  data.  A  simple  micromecha¬ 
nical  model  which  still  incorporates  the  most  fundamental  properties  of 
actual  soils  will  be  used  to  derive  a  dispersion  relation  for  stress  waves 
propagating  therein.  This  dispersion  relation  will  be  used  to  predict  the 
evolution  of  the  pulse  shape. 

Generally  the  effect  of  dispersion,  even  in  the  case  that  the  soil 
does  not  absorb  energy  from  the  pulse,  is  to  flatten  the  pulse  as  it  propa¬ 
gates.  This  is  because  the  longer  wavelength  components  of  the  pulse  tra¬ 
vel  faster  than  the  shorter  wavelength  components.  Thus  the  sharp  initial 
pulse  of  Figure  la  decays  (still  without  loss  of  energy)  into  the  pulse  of 
Figure  lb  after  some  period  of  time. 

Even  though  the  various  energy  loss  mechanisms  will  be  ignored  in  this 
approach,  the  applicability  of  the  result  can  be  readily  seen.  In  regions 
where  the  pulse  is  very  sharply  defined  (Figure  1)  the  response  of  the 
medium  is  both  nonlinear  and  strain  rate  dependent.  In  these  regions 
accurate  soil  models  ( including  energy  losses)  must  therefore  model  bot*- 
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of  frequency  dependent  attenuation  are  foune  in  multiple  scatterinc  effect 
from  random  occlusions  in  the  medium,  viscoelastic  effects,  certain  fric¬ 
tion  models,  etc.  A  variation  of  this  use  of  moments  in  the  analysis  can 
enable  the  researcher  to  determine  the  nature  of  certain  types  of  simple 
non-linearities  in  the  medium  by  simply  analyzing  the  data,  i.e.  without 
the  construction  of  an  explicit  soil  model .  This  program  could  be  an 
important  addition  to  the  currently  employed  tools  of  analysis. 


Section  II.  The  Efficiency  Factor 
A.  Outline  of  Approach 


In  the  examination  of  the  effect  of  the  microgeometry  upon  the  effi¬ 
ciency  factor,  we  will  possibly  use  two  different  approaches.  Both  are 
based  upon  the  facts  that  the  medium  separating  the  charges  gives  rise  to 
the  efficiency  factor  itself. 


When  an  explosive  source  is  detonated,  there  is  an  initial  stage 
lasting  approximately  10  ms  during  which  the  rapid  burning  of  the  charge 
causes  eiastic/plastic  waves  to  propagate  from  the  borehole  into  the 
surrounding  medium.  The  second  stage,  lasting  approximately  100  ms, 
involves  the  expansion  of  the  high  pressure  gas  which  was  generated  by  the 
detonation  of  the  charge.  The  explosive  by-products  then  do  work  on  the 
surrounding  medium  through  the  expansion  process  and  simultaneously  ini¬ 
tiate  elastic/plastic  waves.  The  characteristics  (intensity,  temporal  pro¬ 
file,  etc.)  of  the  waves  generated  in  stage  one  are  strongly  dependent  or~ I 
upon  the  detonation  process  itself.  The  thermal  characteristics  of  the 


surrounging  medium  are  unimportant  in  tnis  stage  mainly  cue  to  tne  time 
interval  involved.  However,  the  same  possibly  may  not  be  said  for  stage 
two  as  its  duration  is  roughly  ten  times  that  of  stage  one.  We  will  accor¬ 
dingly  concentrate  our  attention  on  the  processes  involved  in  stage  two. 

Method  A  is  a  thermodynamic  approach.  In  the  continuous  case,  after 
the  detonation  we  have  a  "void"  containing  only  hot  gases,  by-products  of 
the  detonation  itself.  In  the  discrete  source  case,  we  would  have  soil 
material  as  well  present.  Whatever  portion  of  the  total  energy  of  the 
explosion  (assumed  to  be  equal  in  both  cases)  that  doesn’t  go  into  the 
internal  energy  of  the  matter  in  the  "void"  will  be  present  as  energy  in  a 
stress  wave.  The  presence  of  soil  matter  will  increase  the  internal  energy 
and  decrease  the  energy  available  to  produce  ground  motions.  The  only 
material  parameters  in  the  calculations  would  be  the  specific  heat,  thermal 
diffusivity,  and  mass  density  of  the  soil. 

Method  8  is  an  attenuation  based  approach.  The  medium  near  to  the 
sources  is  in  the  hydrodynamic  region.  It  is  well  known  how  stress  waves 
attenuate  with  distance  in  viscous  fluids.'1  Discrete  arrays  have  a  larger 
averaae  distance  per  unit  charge  from  a  given  observation  point  than  oo 
continuous  source  arrays.  One  would  therefore  expect  a  greater  attenuation 
in  discrete  arrays.  Tnis  effect  can  be  calculated  quantitatively  with  the 
elective  (hydrodynamic  region)  soil  viscosity  and  the  size  of  the  hydrody¬ 
namic  zone  as  the  only  unknowns. 
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where  N  is  the  number  of  sources,  we  assume  that  the  total  source  yields, 
V,  are  the  same  in  both  the  continuous  and  discrete  array.  The  first  law 
of  thermodynamics  in  the  continuous  case  is  then: 

U1  '  ^2  +  Y  =  lw2  (2) 

where  U  refers  to  the  internal  energy  of  the  contents  of  the  cylinder  and 
is  the  “Or*  done  by  the  expanding  gases. 

In  the  discrete  case,  heat  from  the  by-products  will  be  transferred  to 
the  soil,  lowering  the  temperature  and  pressure  of  the  gas  and  resulting  in 
a  decrease  in  work  done.  An  estimate  of  the  decrease  of  the  temperature  of 
the  explosive  by-products  can  be  easily  found. 

we  can  see  that  the  neglection  of  heat  transfer  between  the  by¬ 
products  and  the  surrounding  soil  is  justified  as  follows. 

The  thermal  diffusion  depth  is  a  measure  of  how  far  heat  penetrates 
into  a  medium  in  a  given  time  interval.  It  is  defined  to  be: 

d  =  2  /  a  A  x 

Where  a  is  the  thermal  diffusivity  of  the  medium  and  At  is  the  time  inter¬ 
val.  for  soil  this  is  an  extremely  small  quantity: 


T-us  1.  tne  i  Twn*?:i  i  at  region  surrounding  trie  -io^rreo  -  De  a*  fect-  : . 
Si'-c*1  to;-,  depth  is  so  small  mat  curvature  effects  are  negligible  *e  :a_ 
approximate  the  pronlem  by  a  semi-infinite  planar  medium  with  a  sudden  ten 
perature  difference  applied  to  the  surface.  We  will  use  the  mean  tem¬ 
perature  ‘or  the  by-products  in  our  temperature  difference  calculation  anc 
then  treat  me  by-product  temperature  as  constant.  This  value  is 

Tm  =  .718  T^pQ 

we  ma- e  use  of  the  solution  found  by  Schneiaer  (See  Ret.  7  for  further 
details;.  Employing 

h  =  200  w/m2-‘c 
k  =  . 52  w/m-‘c 
a  =  1.4  x  10- 7  m2/s 
t  =  . 1  sec 

we  arrive  at  a  temperature  profile  within  the  surrounding  soil  (where  x  is 
measured  rrom  the  soil/by-product  interface  in  co-moving  co-ordinates )  cf 

T  (  x  j  -  T  0 

77~T- 

Tr-e  total  energy  absorbed  is  found  by  multiplying  the  above  by  (pflc;5oil 
and  integrating.  Then 

Qt  =  nea".  loss  by  the  by-products 


V  *-  *■  p  T  ► 


array  A  =  2.55  m  ,  then  using 
:  =  1.5^  KJAg-  °k 


r  2C50  Kg/m3 


*e  ha-. 


Ql  =  .056  (.718  Tbpo_Toj 

This  represents  less  than  .02*  (not  2*)  of  the  initial  energy  of  the  by¬ 
products.  Therefore,  we  can  safely  neglect  the  heat  loss  to  the  soil  at 
the  interface.  However,  considerable  mixing  between  the  soil  remaining 
inside  the  cavity  and  the  by-products.  This  mixing  results  in  a  much 
greater  neat  loss  to  the  soil  due  to  the  much  larger  effective  exposure 
area  of  the  soil  remaining  in  the  cavity,  (for  example,  it  is  well  known 
that  the  same  mass  of  ice  when  crushed  is  much  more  effective  at  absorbing 


ieat  than  when  in  large  blocks). 


Our  model  is  based  on  the  following  set  of  assumptions: 


we  assume  the  volume  of  the  soil  between  the  sources  in  the 
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discrete  array  is  made  up  (after  "fragmentation"  by  the 
bla-.t.  of  a  gaussian  distribution  of  sizes  of  spherical 


- al  assumption  allows  us  to  determine  the  effective  surface 
i :  *  .  In  order  to  fi*  our  distribution,  we  will  assume 


*  t  r ** * , ** ** •*  .i* mV. 
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that  the  mode  rad;  js  is  known  (r0j.  we  further  assume  that  the  elective 
spread,  a0,  of  the  Gaussian  distribution  is  also  known.  The  number  of  par¬ 
ticles  with  a  given  radius  is  then  given  by 


where 


In  order  to  f'x  N0,  we  require  that  the  total  volume  given  by 

CD  ^ 

vtotal  =  /  N( a)V( ajda;  V(a)  =  —  r3  =  —  r0  e3° 

_od  3  3 

is  equal  to  that  of  the  ‘‘mixing"  soil  in  the  actual  array.  Then 


Vtotal  =  No  S  exp 


[  -  J  ^rle*°da 


Then 


..  4tt3/2  r2 

Vtotal  =  - ? - -  No  e  ^ 


£  ao' 


or 


N0  =  3vtotal  eV  aQ2 
Att3/2  r3 


we  will  assume  that  Vtota}  is  constant  during  the  expansion  process, 
we  can  no*,  relate  the  effective  mixing  area  to  the  total  volume: 


ac 

flgff  =  /  N(a)A(aJda 

_ao 


:hen 


2 

A( at j  -  4tt r 2  =  A7Tr0  e2a 


ae 


f  i 


3  V  *  pi  *  t  1 

- rjl- d  1  exp 

rn 


4 
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he  procedure  leading  to  eqn.  (3J  is  still 


valid  for  estimation  or 
"mixing"  heat  transfer  as  long  as  the  typical  size  of  the  soil  particle  is 

_  *t 

larger  than  the  thermal  penetration  depth,  D  'v  lxlO-  m.  Let  the  gaussian 
spread  go  to  zero  (all  particles  of  the  same  size)  and  the  average  size  be 
equal  to  lxlO_3m.  This  estimation  is  appropriate  for  granular  media.  (For 
a  medium  with  some  degree  of  consolidation,  a0  can  be  2-3  and  heat 
transfer  will  be  unimportant). 

Then 

Aeff  =  (3xl03m-  )  Vtotal 

=  7.1585xl03m2  for  the  Thomsen-Wu  case. 

This  value  can  be  substituted  into  equation  (3)  for  an  estimate  of  the 
energy  lost  to  the  soil  contained  within  the  expanding  cavity  through 
mixing : 


Ql  =  146.5  (.718  Tbp0-T0) 

The  efficiency  of  the  array  can  be  expressed  as 

p  ^  _  Op  _  ^  _  146. 5  ( •718Tpp0-T0.| 

Y  (TCV  )pp( Tpp0-T0) 

_  l  ^62 . 77  £  . 718T^p0- TQ  j 

1.7/*6xl03  Tbpo-To 

=  1  -  .0932  [  -718Tbpo~To  ] 

Tbpo-To 

Then  n  >  9356  for  a  mixing  model  wiHo  the  assumed  distribution  of  particle 
sizufc  in  the  Thomsen-Wu  geometry. 

Then  for  this  case  the  by-products  lose  less  than  7%  of  the  internal 


eneray  to  the  soil.  Thomsen  and  Wo  (Ref.  1)  arrived  at  an  efficiency  fa 
tor,  empirically,  for  this  array  of  62%.  Obviously,  the  efficiency  fact 
is  affected  to  some  degree  by  this  thermodynamic  mechanism  but,  it  isn’t 
the  dominant  effect.  We  refine  this  approach  and  present  an  alternative 
model  (valid  when  the  "semi-infinite  solid"  assumption  is  not  valid J  in 
Section  D.  In  the  next  section  we  examine  another  possible  explanation. 
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C.  The  viscous  Fluid  Model 


It  has  been  determined  previously  (Ref.  8)  that  geometric  (i.e., 
source  arrangement,  spacing,  diameter,  etc.)  effects  alone  are  insufficient 
to  completely  explain  the  mechanism  behind  the  factor  which  relates  the 
relative  ability  to  produce  ground  motion  for  discrete  and  continuous 
source  arrays.  In  the  last  section  it  was  determined  that  a  simple  ther¬ 
modynamic  model  allowing  heat  transfer  to  the  portion  of  soil  which  remains 
in  the  expanding  cavity  is  also  inadequate  to  solely  model  the  effect. 

Here  we  present  an  additional  mechanism,  first  touched  on  in  (Ref.  8), 
which  provides  an  effective  means  of  efficiency  factor  prediction  for  a 
wide  range  of  spacings,  as  well  as  array  aspect  ratios. 

The  model  advocated  here  is  based  on  the  observation  that  in  the  imme¬ 
diate  vicinity  of  the  array,  the  stresses  induced  by  the  blast  exceed  the 

shear  strength  of  the  soil.  In  this  region,  the  "hydrodynamic  zone,"  the 

soil  reacts  to  the  propagating  shock  wave  more  as  a  viscous  fluid  than  as  a 

solid.  Then  the  approach  here  will  be  to  model  both  the  continuous  and 
discrete  arrays  as  being  embedded  in  a  viscous  fluid.  The  effect  of  the 
viscosity  is  to  attenuate  the  shock  wave  as  it  propagates  in  the  hydrodyna¬ 
mic  zone  over  and  above  the  omnipresent  geometric  attenuation.  This  atte¬ 
nuation  is  strongly  frequency  dependent,  another  feature  the  model  shares 
with  observation  (Ref.  9).  When  the  peak  stress  is  attenuated  to  a  point 
below  the  shear  strength  of  the  soil,  we  assume  the  hydrodynamic  zone  ends. 
By  comparing  a  certain  potential  function,  constructed  in  each  case,  at  the 
end  of  the  hydrodynamic  zone,  we  are  in  effect  comparing  the  potential  to 
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induce  around  notion  in  each  case.  The  attenuation  experiencea  by  tne 
stress  wave  in  the  two  cases,  discrete  array  and  continuous  source,  is  dif¬ 
ferent,  as  the  average  distance  each  source  element  undergoes  attenuation 
is  different  in  each  case.  This  result  gives  rise  to  the  efficiency  fac- 


In  order  to  illustrate  the  difference  in  average  distance  in  each  of 
the  two  source  types,  consider  the  figures  below. 

•2  &. 

f - » 

oooooooooo 

A 


Figure  3 
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Figure  4 


We  calculate  the  average  distance  to  the  point  P  (assumed  to  be  on  the 
boundary  of  the  hydrodynamic  zone)  in  each  case.  For  this  purpose,  we 
assume  our  sources  to  be  one  dimensional,  i.e.  no  height  nor  thickness. 

The  distance  Z  is  assumed  to  be  the  same  in  each  case.  The  volume  of  the 
hydrodynamic  zone  should  be  equal  in  each  case  although  edge  effects  should 
make  the  contour  near  the  edges  a  little  different.  At  the  midpoint  any 
differences  should  be  very  small. 


In  the  discrete  case: 


where 


rD  =  \  niri 
ave  \ 

Z  Hi 

r;  =  [  Z2+(iA) 2]  z 


The  spacing,  a,  is  related  to  the  array  length  and  total  number  of  sources, 


N,  by 


A  =  21 _ 

(N-l) 
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N 

\ 

Z  ♦  2  L 


[  Z2 
i  -1 
M 


(iii)2  J  3 
Cn-i  )  2 


Z  +  2  5  [  iL  +  (21)2  J  \ 

rO  /I  =  1  i  =1  i2  (N-l)2 

ave  -  -  '  - 

N 


and  in  the  continuous  case 


=  J_  /  [  Z2  +  X’2]  2  dx’ 

21  -1 


which  can  be  integrated  to  yield 

-  ,  ,  7  2 


RC  A  =  i  {  ll  In  [  1  +  /  1  ♦  Z2/l2 
ave  2  l2  Z7I 


C  i  -  Ill  i  } 

i2 


A  companion  is  presented  in  Table  1  for  various  values  of  Z/l  and  N. 
(Recall  Z  is  the  midline  distance  to  be  end  of  the  hydrodynamic  zone.) 

Z/l 


.1 

.5 

.9 

3 

1.36 

1.23 

1.13 

5 

1.21 

1.12 

1.07 

7 

1.15 

1.08 

1.04 

9 

1.11 

1.06 

1.03 

11 

1.09 

1.05 

1.03 

Table 

1.  fP 

/  Rc 

Rc  /I 
ave 

.1  . 5174849 

.5  .7394715 

Z  A  .9  1.060591 

Table  2.  ff 

ave 
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A  crude  method  of  determining  the  relative  influence  at  this  average- 
distance  upon  the  relative  ability  for  producing  grounc  motion  in  each  ca: 
can  be  found  by  approximating  the  exact  (within  the  assumptions  previously 
listed)  expression  for  the  potentials: 

oo  exp  {-T  1  [  Zl  ♦  *—  ]  2  } 


1  =  /  o( x’ ) 


1"  1' 

THTZTJT' 

i2  i2 


where  p(x’)  = 


n  i  =1 


6  (x’2-  (Zi)  2)  ♦  6 ( X ’ ,) 

(N- 1  )  2  N 


in  the  discrete  case,  and 


o(x’ )  =  1  -1  <  x’  <  1 


=  0  X’  >  1 


in  the  continuous  case. 


Our  approximation  is  (only  for  purposes  of  illustration! ) 


;-(ri)  ffave/l 

T rC  /H 

ave 


,  in  the  continuous  case 


l  jD  ^  e-r* 1  (rD  ^  ,  in  the  discrete  case. 


(rD  A) 

ave 
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As  a  concrete  example,  suppose  N  = 


3  and  £ 
1 


Then  from  Tables  1  and  2 


$P  „  1 _  exp  [-  ri(. 7394715)  { . 2 3 }J 

f  ~  K23 


exp[-r  1  (.17)]  ^  .81  *  exp  [  -  P  ic  - 17)1 
1.23  ~ 


Furthermore,  suppose  that  Pl^  2 


5°  ~  58% 

✓V/ 


Tne  model  we  present  is  one  in  which  the  source  (either  discrete  or 


continuous)  is  embedded  in  a  finite,  isotropic  viscous  fluid  medium.  The 


viscous  fluid  is  surrounded  by  an  infinite  elastic  medium.  The  extent  of 


the  viscous  medium  depends  upon  the  yield  of  the  source  and  the  shear 


strength  of  the  soil.  We  use  the  viscous  fluid  medium  in  order  to  model 


the  pulse  attenuation  induced  in  the  hydrodynamic  zone.  This  approach  has 


been  recently  used  (Ref.  9)  with  another  objective  in  mind.  Using  this 


model,  we  will  compare  the  “attenuated  potentials"  of  the  two  source  types 
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we  form  the  following  potential  function. (+) 


$A  =  /-x’/dy’/az’olx’  ,y’  ,z’  )  exp[(iK-a){[x’-x)2f(y’y)2->-(z,-z);};  ]  U] 

[(x’-x)2  +  (y’-y)2  +  (z’-z)2]2 


where  the  region  of  integration  includes  all  space.  Here  the  observation 
point  is  given  by  (x,y,z)  and  the  source  point  by  (x’,y’,z’).  K  is  the  wave 
number  of  the  particular  spectral  component  under  consideration, 
p(x’,y’,z’)  is  the  source  charge  density,  and  a  is  the  (frequency  depen¬ 
dent)  attenuation  factor.  Implicitly  assumed  in  eqn.  (A)  is  the  concept 
of  superposition  of  both  spectral  components  (in  the  Fourier  analysis)  and 
of  the  sources  themselves. 


If  the  source  is  such  that  the  thickness  (measured  in  the  z-direction) 
is  much  smaller  than  the  height  (y-direction)  or  the  length  (x-direction) , 
then  we  can  approximate  the  source  by  an  infinitely  thin  plane.  Then 
p(x’  > y ”  ,z’ )  =  <5( z’  )p( x’  ,y* ) 

Substitution  into  (4)  and  integration  over  z  yields: 

=  /dx’/dy ’o(  x’  ,y’ )  eUK-al^’-xJ^ty'-y)2^2]  ~2 

[(x’-x)2+(y ’-y )2+z2]  2 


(+)  For  background  on  eqn.  (4),  See  Ref.  8). 
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J  -m  ji.  .  _J»  .  _A  _A  -X 


rurtnemore,  we  assume  that  p(x’, y’j  =  {0(y’+m)  - 
-  8(y’-mJ}  {0(x’+lj  -  0 ( x ’ —  1 ) }  o0, 
where  a0  =  constant  and  is  a  measure  of  the  areal  charge  density. 


ml  r  ,  ,  1 

$A  =  Oo.rdy’/dx’  e(iK~a)Ux  -x )2  +  (y  -y)2  +  z2J  2 


-m  -1 


[(x’-x)2  +  (y ’-y}2  +  z2]  2 


Change  of  variables  (Assume  1  >  m) 


Let  c_1  =  -  aspect  ratio;  B  =  21  ;  B  =  n  =  X  ;  n  =  X;  R 
m  11mm 

Then  the  argument  of  the  exponent  may  be  written  as 


(iK-a)  [  l2(8’-8]2+m2(n’-n]2+z2  J  2  = 
(iK-a)l  [(8’-B)2+  Ell  (n’-h)2  +  li  ]  2 


r  [(8’-8)2+e2(n’-nJ2+R2]  1 


where  r  =  (iK-aJl.  We  will  assume  an  observation  point  at  the  midline 


x=y=o.  Then,  also,  B=n=o  and:  =  Oom/dn’/dB’  e_ 


exploiting  the  symmetry  about  n’,8’  =  0 


’  P-r  Cb*  2+e  V  2+r2J  ^ 


2+e2n  2+R2J  2 


4 

=  Aa0m/dn’/d6’  exp{-r  [g’  2+e2n’  2+R2]  2} 


0  0 


2.^2  »Z.n2  2 


+e  n  2+R 


The  expression  above  is  not  integrable  in  closed  form.  Our  approach 
will  pe  to  integrate  it  numerically  for  specific  choices  of  the  aspect 
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ratio,  e,  attenuation  factor  P,  and  midline  distance,  R.  We  will  then  ccr- 
pare  the  results  obtained  for  the  discrete  array  and  the  continuous  source 
cases.  [The  discrete  array  expression  will  consist  of  a  sum  of  terms  like 
eqn.  (5)  with  appropriately  chosen  limits  and  parameters;.  Tables  3  and  4 
indicate  the  results  obtained. 


Table  3 


Efficiency  factor  for  aspect  ratio  =  1,  Pn  =  .5  for  various  numbers  of 
source  elements  and  hydrodynamic  zones  sizes. 


Z 


Efficiency  Factor 

Number  of  Sources 

M 

93.2 

5 

.1 

90.6 

5 

.5 

93.6 

5 

1.0 

93.4 

7 

.1 

93.5 

7 

.5 

95.7 

7 

1.0 

95.1 

11 

.1 

96.0 

11 

.5 

97.4 

11 

1.0 

Table  4 

Efficiency  factor  for  aspect  ratio  =  1,  Pn  =  1  for  various  numbers  of 
source  elements  and  hydrodynamic  zones  sizes. 


Z 


Efficiency  Factor 

Number  of  Sources 

M 

92.9 

5 

.1 

88.4 

5 

.5 

91.5 

5 

1.0 

92.6 

7 

.1 

92.0 

7 

.5 

94.2 

7 

1.0 

94.3 

11 

.1 

95.0 

11 

.5 

96.5 

11 

1.0 

A  calculation  was  also  performed  for  the  Thomsen-Wu  array  (aspect 
ratio  =  1.43),  neglecting  thermodynamic  effects,  for  various  values  of  P, 
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Conservative  choices  were  made  and  Table  5  presents  the  results. 


Table  5 


Efficiency  Factor  for  the 

number  of  source  elements  =  11) 

Thomsen-Wu  array  (aspect  ratio 

for  various  medium  properties. 

=  1.. 

Efficiency  Factor 

Z/m 

Pm 

96.98% 

1 

1 

93.2% 

.5 

2 

93% 

.25 

2 

94 . 58% 

1 

2 

94.98% 

.5 

1 

The  table  presents  higher  values  of  Pm  than  does  Tables  3  or  4.  This  is 
because  for  Pm  <1  the  efficiency  factor  is  not  strongly  dependent  upon 
aspect  ratio.  Therefore  Tables  3  and  4  are  relatively  accurate  for  the 
Thomsen-Wu  array  if  Pm  <1. 

We  curve-fit  the  results  for  an  aspect  ratio  of  one  for  a  variety  of 
number  sources  and  hydrodynamic  zone  sizes.  The  results  are  given  in  eqns. 
( 6 J  and  (7).  (we  recommend  linear  interpolation  for  pi  between  those 
listed  J . 

Eff  =  A0  v  ax  (-)  +  A2  {-)2 
m  m 

where 

(A0  =  101. 5236-2. 037655N  +  .1323648N2 
rm  =  .5  { A j  =  -75.12608  +  16.27323N  -  .8429415N2  (6) 

{A2  =  58.30522  -  11.91516N  +  .6063844N2 


{A,  :  1 36 . 996?  -  3.43i:75N  *  .2G6119N2 
Prr  1  iA;  -.us. 139a  ♦  22 .9936N  -  i.i395i6N2 

{aA  z  81.36503  -  16.6653AN  ♦  .8541222N2 

we  *iii  return  to  this  result  in  the  latter  portion  of  the  next  section. 

As  can  be  seen  from  the  tables,  the  calculations  done  for  a  variety  o 
attenuation  factors  (as  it  is  unknown  what  exact  value  should  be  used)  and 
‘or  a  variety  of  hydrodynamic  zone  sizes  indicate  that  for  constant  array 
length,  and  for  N  >  7  the  efficiency  factor,  predicted  solely  on  this 
mechanism,  is  approximately  90%.  Thus  this  approach  alone  is  also 
seemingly  insufficient  to  account  for  the  calculated  value  of  Thomsen  anc 


j 
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D.  Suggested  Approach 
Efficiency  factor  Estimation 

we  have  seen  that  for  arrays  consisting  of  more  than  seven  (or  sc; 
members  the  viscous  fluid  moGei  (alone)  predicts  an  efficiency  factor  of 
90%.  we  have  also  argued  that  the  efficiency  factors  predicted  by  a  ther¬ 
modynamic  model  are  on  the  order  of  95%.  What  then  is  the  basis  of  the 
Thomsen-rtu  result  of  62%?  The  Thomsen-Wu  result  is  empirically  obtained, 
‘x:  a  specific  array  by  comparing  the  results  of  calculations  (with 
realistic  soil  models)  involving  a  1-D  continuous  source  and  a  2-D  discrete 
arra.  .  Undoubtedly  we  have  dimensional,  thermodynamic,  and  "soil  viscosi- 
t."  ejects  involved  here.  The  comparison  of  1-D  to  2-D  arrays  by  itself 
will  introduce  an  efficiency  factor  of  about  80%  near  to  the  source  due 
or  i,  to  geometric  effects  (Ref.  8).  The  net  efficiency  factor  a  Thomsen-Wu 
calculation  would  (almost  certainly)  predict  i_f  they  had  compared  2-D  sour¬ 
ces  (continuous  vs.  discrete  array)  should  be  approximately  80%.  This 
value  is  close  to  that  predicted  here  for  the  Thomsen-Wu  array  using  both 
tne  viscous  soil  fluid  and  the  thermodynamic  model.  (As  they  are  indepen¬ 
dent  effects,  the  efficiency  factor  of  a  model  which  includes  both  effects 
is  simply  the  product  of  the  separate  efficiency  factors).  We  therefore 
relieve  an  accurate  prediction  of  the  efficiency  factor  can  be  made  from 
test  to  test  by  a  synthesis  of  the  two  models.  In  this  section,  we  expand 
on  our  thermodynamic  model  in  order  to  lay  the  groundwork  for  efficiency 
factor  prediction  in  me  case  that  the  thermal  diffusion  depth  is  on  the 
order  '/  the  soil  particle  size  arvo  indicate  the  procedure  for  imp! emeu- 


>.r  alternate  -nermod/nawic  node*  is  based  upon  the  to*ic*:nc  set  c* 
assumptions.  This  approach  is  valid  when  r0  (the  mean  particle  size;  is  on 
the  order  of  the  thermal  penetration  depth. 

i  ,  tne  volume-time  relationship  is  a  power  law  relationship.  It  is 
the  same  in  both  the  continuous  source  and  discrete  array,  we 
will  use  the  expansion  exponent  found  in  Ref.  (10). 

iij  the  explosive  by-products  behave  as  an  ideal  gas  with  constant 
specific  heats. 

iiij  the  lumped  heat  capacity  approach  to  transient  heat  transfer 

calculation  is  valid.  The  Biot  number  varies  linearly  with  soil 
particle  size. 

iv  >  the  product  formed  by  the  convection  coefficient  and  the  exposed 
surface  area  of  the  expanding  volume  is  constant. 

Operating  under  the  assumptions  above,  we  can  see  that  the  rate  of 
ieat  transfer  in  this  case  will  be  given  by 

g  =  hA  (T&p  -  Ts) 

«here:  s  -  1  x  the  source  spacing 

d  =  discrete  source  radius 
1=|  the  array  length 

Before  we  continue  with  the  development  of  the  model  let  us  consider 
e  limitations  imposed  by  our  assumptions.  The  by-products  can  be  mode  led 
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"ore  accurately  usinc  tne  Jwl  equation  of 


state  but  again,  this  is  a  hi  r  ■?: 
order  effect.  Assumption  (iiij  is  reasonably  accurate,  however,  tne 
accuracy  of  assumption  (iv)  is  in  doubt.  The  convection  coefficient  is  a 
function  of  by-product  velocity.  There  undoubtedly  exists  a  relations’-1^ 
as  well  between  the  exposed  surface  of  the  cavity  ana  the  by-product  velo¬ 
city.  A  rough  calculation,  using  a  convection  coefficient  dependence  upon 
velocity  obtained  from  a  specialist,  Ref.  (11),  yields  hA^rn_-7  where  n  Is 
the  expansion  law  parameter.  From  (1C),  n=.86.  The  product  hA  is  thereto- 
not  a  strong  function  of  time  but  is  is  not  a  constant  either.  A  mere 
accurate,  i.e.  numerical,  calculation  could  be  done,  at  a  later  date,  witr 
the  incorporation  of  the  Jwl  equation  of  state,  a  non-constant  hA,  etc.  (I 
fact,  if  the  expansion  rate  were  known  very  accurately,  a  more  complex 
numerical  approach  might  yield  soil  material  properties  at  high  strain 


rates j . 


An  energy  balance  done  on  the  explosive  by-products  yeilds  the  evolu¬ 
tion  equation 

(rrcv)  bp  =  hA  (Ts  -  Tbp)  -  (*) 

dr  di 

,  where:  the  subscript  "bp"  refers  to  the  explosive  by-products 

the  subscript  "s"  refers  tc  the  soil  contained  in  the  source 
cavity. 

P  is  the  by-product  pressure 
V  is  the  cavity  volume. 

_ iwewiae,  an  energy  balance  on  the  soil  yields 
'  mr,  ,  -  •  hA  (  n  -  T-  l 

->  Up  d> 
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»  »  ’  A  • 

■  *  m  ^fL  ^  * 

■  *  dim f.aiU 


when  the  ideal  gas  law,  used  to  replace  P  ,  and  the  assumed  ex  pa*  : : 


1  3* 


V  _  c T _ )  n  ;  To  =  -01  sec. 

vo 

are  inserted  into  eqn.  fa)  we  obtain 


Tbp  -  K1  ~  Tbp ^  +  —  Tbp 

i 


and 


Ts  -  k3  ^Tbp  ~ 


where : 


_  d_ 
dr 

K  ]_  =  ££ _ 

C  hx:  v  ^  bp 


k2  ,  (l  -  £e)  n 

cv  bp 

k3  =  ^ _ 

(mc)s 

These  equations  can  be  decoupled  to  yield 


T  bp  +  (k3+k1  ”  — )  Tbp  +  "  ^2)  Tbp  -  0 

T  X  T 


(6; 


( 9  j 


(10} 


Ts  +  (-<3  +  K1 


k2 


)  T  ; 


K3K2 


Ts  =  0 


111, 


T  I 

The  most  accurate  approach  (short  of  integrating  the  non-lumped  capa¬ 
city  equations)  would  be  to  integrate  (numerically)  the  above  and  use  to 
calculate  the  heat  lost,  by  calculating  T$(t)  from  eqn.  (11)  with  the  ini¬ 
tial  condition  T-  (t=t0)  =  T0. 


The  heat  lost  by  the  by-products  to  the 


soil  is  gained  as  internal  energy  (neglecting  thermal  expansion  of  the 
soil )  by  the  soil . 

Thus 


|  Qi  |  =  (rc)s  [  T s  (x=if J  -  T0  J 
The  efficiency  is  then 

n  =  1-  L£l! _  =  1- 

UbpU=T0) 

we  have  used  TQ  as  the  reference  temperature  instead  of  T  =  0K  as  this 
the  useful  energy. 

we  will  take  the  Frobenius  approach  to  the  solution  of  eqn.  (11). 
form  a  trial  solution 

Ts  =  tr  5  an  xn 
n=0 

then 

OD 

Ts  =  L  an  (n+R)  xn+R-l 
n=o 

and 

OD 

Ts  =  Y  an  (n+R)(R+n-l )  xn+R-2 
n=0 

Substituting  into  eqn.  (11)  yields: 

OC  OO 

L  an(  n+R  J  (n+R- 1 )  xn"2  +  (K3+K1-^l)  5  an(n+RiTn-l  .  }  anxn: 

n=0  T  n=0  x  n=o 

Requiring  the  sum  of  the  coefficients  of  each  power  of  x  to  vanish  yiel' 


Ql  |  _ 

(mcv)bplTbpo  ~  Tc 


ror  the  indicial  equation 


R  =0 ,  R=i<2  +  i 


and  for  the  recursion  relation  for  the  coefficients  ar 


an+i  -  -an 


CK3+Ki)(n+R)  -  K3K2 
{R+n+1 )( R+n )  — Ko  f  R+n+1  ' 


Then  the  general  solution  is 


v  U  i+K2 

Ts  =  1  {  an  rn  +  an  Tn+1+K2  } 

n=0 


Subject  to  the  conditions 
TS  (t=t0)  =  T0 


Ts  =  K3  C T bpo  ~  T03 


where 


o  0  (k3  ♦  K1)n-K3K2 

3n*1  '  ~a"  (n*l) 


i+k2  i+k2 

an+l  =  -an 


(n-*-l)(K3^K1)-^K2KI 
(n+1)  (n+2+«2) 


In  order  to  employ  the  Frobenius  series,  one  needs  only  to  determine 
the  coefficients  an  numerically  to  the  accuracy  desired.  An  alternative 
approach  is  to  numerically  integrate  equations  (10),  (11).  Since  the 
alternative  approach  will  be  required  only  in  very  few  circumstances,  we 
did  not  proceed  further. 
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Tne  efficiency  of  a  discrete  area  containing  only  thermodynamic 
effects  can  be  found  from 


Htn  -  1  -  ABODE 

where 

A  =  Ratio  of  soil  volume  to  source  volume 


B 

C 

D 


vsoil 

vsource 


(pc) soil 

( pcv )pp 


,  where  VSQj_^  is  the  volume  of  soil  contained 
between  sources  in  the  array 
=  Ratio  of  soil  density  times  specific  heat  to  the 
density  of  explosive  times  specific  heat  of  the 
by-products 


•718Tgpo  _  Tq 

Tbpo  '  To 

.18067  x  10 — m  ^  r0  measured  in  meters. 

ro 


E  =  exp  [  -  —  a02  J  ,  where  a0  is  the  measure  of  the  "spread"  of 
4 

the  Gaussian  distribution  of  soil  particle 


sizes.  For  perfect  uniformity,  a0 
Using  reasonably  uniform  values  for  factors  B,C,D,E 
nth 


0. 


=  1  -  .03  Vsoil 
V 


(12 


source 


The  above  expression  will  be  reasonably  accurate  for  nonconsolidated  granu 
lar  media.  Notice  that  the  array  microgeometry  is  what  is  important  for  a 
given  explosive  and  soil  medium.  The  above  expression  is  also  limited  to 


vsoil  i  7.24  VSOurce 


This  limitation  arises  from  our  basic  assumption  that  the  soil  was 
dispersed  by  the  blast  and  remained  inside  the  expanding  cavity  afterward. 
As  the  assumed  power  law  expansion  rate  yields  a  final  cavity  volume  to 
initial  source  volume  ratio  of  7.24,  the  soil  volume  used  in  equation  (12) 
can  have  an  upper  bound  of  only  7.24  Vsource.  Then 

78%  <  nth  1  100% 

As  previously  mentioned  in  arriving  at  the  62%  efficiency  factor 
(discrete  array  to  continuous  source),  Thomsen  and  Wu  compared  the 
(numerically  calculated)  ground  motion  predicted  for  a  2-D  discrete  array 
to  that  predicted  in  a  1-D  continuous  source  of  the  same  length.  Using  our 
viscous  fluid  model  we  numerically  integrated  eqn.  (5)  and  its  1-D  (ie,  for 
a  line  source)  counterpart  for  a  variety  of  hydrodynamic  zone  sizes  and 
attenuation  factors.  The  results  were  then  curve-fit  to  yield: 

z 

Relative  efficiency  =  a  (y) 

where  a  =  .903  -  .095F1 
b  =  .233  +  .058n 
1  =  array  or  source  half  length 
z  =  midline  distance  to  end  of  hydrodynamic  zone 
r  =  attentuation  factor 


possible  source  of  error  in  relating  source  strength  to  resultant  ground 
motion  can  be  controlled.  We  will  return  to  specific  recommendations  in  a 
latter  section. 


Section  III.  Recommendations 

In  this  section  we  summarize  the  results  of  the  previous  section  and 
make  specific  recommendations  concerning  use  of  those  results.  We  have 
seen  that  all  heat  transfer  between  the  explosive  by-products  and  the  soil 
at  the  boundary  of  the  cavity  can  be  neglected  but  that  if,  the  average 
size  of  the  soil  particles  that  remain  within  the  cavity  is  small  enough, 
heat  transfer  here  can’t  be  neglected.  This  should  be  considered  espe¬ 
cially  for  granular  media.  A  more  realistic  set  of  size  distribution  para¬ 
meters  for  the  Gaussian  function  used  here  could  be  experimentally 
determined  if  needed  or  a  different  distribution  function  itself  could  be 
employed.  Unless  the  medium  has  a  larger  thermal  diffusivity  than  the 
value  used  in  our  analysis,  we  don’t  believe  that  the  additional  effort 
will  be  worthwhile  for  efficiency  factor  calculational  purposes. 
Experimental  soil  fragmentation  studies  however,  may  provide  insight  into 
the  microscopic  mechanisms  involved  in  explosive  loading. 

In  this  light  we  recommend  that  for  almost  all  applications  the  rela¬ 
tionships  presented  in  Section  II-D  concerning  thermodynamic  losses  be 
used.  Other  values  for  the  specific  heat  and  density  of  the  soil  and  the 
density  of  the  explosive  could  be  used  in  the  expressions  previously  deve¬ 
loped  to  improve  the  accuracy  if  applicable. 

The  losses  associated  with  attenuation  in  the  hydrodynamic  zone  may 


Relative  efficiency 


Efficiency  of  2-D  continuous  source 
Efficiency  of  i-D  continuous  source 


Then,  as  an  example,  for  a  conservative  set  of  values: 

Pi  =  .5 

*  =  .5 
1 


the  relative  efficiency  is  about  12%.  If  these  values  were  to  be  valid  in 
the  Thomsen-Wu  case,  then  the  relative  efficiency  of  a  2-D  discrete  array 
to  a  2-D  continuous  source  would  be 


=  "True"  2-D  efficiency  factor 

12% 

=  86%  (13) 

Returning  for  the  moment  to  the  two  sample  calculations  done  in  the 
previous  two  sections.  We  estimated  that  the  efficiency  factor  based  on  a 
(solely)  thermodynamic  approach  was  approximately  .93  (or  higher).  Using  a 
representative  figure  from  Table  3,4,  or  5  gives  an  efficiency  factor 
neglecting  the  thermodynamics  of  approximately  .94.  The  efficiency  factor 
taking  these  two  independent  loss  mechanisms  into  effect  should  be  the  pro¬ 
duct  of  them  or 


ntotal  =  -87  or  87* 

This  is  strikingly  close  to  the  "true"  efficiency  factor  (after  accounting 
for  the  dimensional  effects)  predicted  by  the  Thomsen-Wu  computer  calcula¬ 
tion.  We  can  conclude  that  the  methods  introduced  in  the  current  and  two 


revious  sections  will  be  useful  in  predicting  the  efficiency  factor  from 
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Given  the  above  medium  properties  and  assuming  a  har¬ 
monically  time-dependent  source  (this  causes  no  difficul 
as  any  time  dependence  can  be  formed  by  an  appropriate 
Fourier  analysis]  the  governing  wave  equations  are  (6): 

+  KD  i?  =  fU’  )  ( 

(  V 2  +  k|  )  l|)  =  g(7’  )  (: 

where:  ^ ^  are  the  dilatational  and  shear  potentials, 

respectively . 

K i ,  K2  are  the  wave  numbers  for  the  dilatational 
and  shear  waves.  In  this  form  dispersion 
effects  can  be  incorporated. 
f(x’),  g(x’)  are  the  source  geometry  factors. 

The  shear  and  dilatational  potentials  are  related  to  the 
displacements  Ur,  Uz  in  cylindrical  co-ordinates  by 


APPR'jaCn  : 


(Continued] 


we  are  concerned  with  the  radial  displacement  at  the 
midline  ( z  =  0 )  of  the  explosive  source  array.  By  symmetry: 


Ur  (2=0)  =  ^ 

3r 

Thus  the  quantity  of  interest  will  be 


3  6 
3  r 


(  5  J 


The  solution  to  equation  (1)  is  well-known  to  be  (5)  (See 
A  ppend  i  x  B  )  : 


(6) 


/dx’/dy’/dz’ 


f  (  x  ’  ,  y  ’  ,z’  )exp{iK[(x,-x)2-*-(y’-y)2-»(z,-z)  23  2} 

i 


[  (  x  ’  -  x  ) 2  +  (  y  ’  -  y  ) 2  +  (  z  ’  -  z  ) 2]  2 
where  ’  refers  to  the  source  co-ordinate.  unprimed  quan¬ 
tities  are  observation  point  co-ordinates.  Implicit  in 
the  solution,  eqn.  (6),  is  the  concept  of  superposition  of 
waveforms.  Some  previous  work  (1)  seems  to  indicate  that 
in  the  absence  of  air  blast,  linear  superposition  is 
reasonably  accurate. 


Our  problem  then  is  to  integrate  eqn.  (6)  either  analyti¬ 
cally  or  numerically  for  various  explosive  source 
geometries,  i.e.,  for  various  f(x’).  A  comparison  of  the 
geometric  attenuation  of  various  types  of  source  con¬ 
figurations  will  then  be  made  in  order  to  determine  the 
regions  of  equivalence.  In  this  manner  we  will  examine 
the  different  scalinq  regions. 


R  e  3  U  L  T  5 

we  examined  recently  proposed  scaling  region  criteria. 
These  criteria  were  obtained  by  trial  ana  error.  We 
sought  to  either  validate  or  modify  the  scaling  regions  a 
needed.  Calculations  are  contained  in  the  appendices. 

The  interested  reader  is  referred  there  for  the  details. 
Our  work  indicated  new  scaling  regions,  not  determined  by 
the  work  previously  done  probably  due  to  the  lack  of  data 
in  these  regions . 

The  results  of  the  research  seem  to  indicate  that  there 
may  be  two  spherical  scaling  regions,  each  with  possibly 
different  scaling  laws.  The  field  is  quasi-static  (i.e., 
the  wave  number  k  has  little  effect)  in  the  region  kR<l. 
For  the  "typical"  array  (recall  large  k  components  are 
rapidly  attenuated  by  the  medium),  this  quasi-static 
region  includes  the  three  regions  proposed  by  Drake. 

It  is  in  the  region  kR>l  (the  "radiation  zone")  that  the 
behavior  (i.e.,  the  distance  dependence)  of  the  field, 
although  still  spherical  in  nature,  changes  from  that  in 


the  quasi-static  region.  Spherical  behavior  in  the  quasi 
static  region  is  indicated  by  a  R-^  dependence. 


In  the  radiation  zone  spherical  behavior  is  indicated  bv  a 


dependence.  The  different  geometric  dependence  p' 


the  two  spherical  fields  seems  to  suggest  that  one  would 


have  two  different  scaling  laws.  This  was  not  investi- 


aated  f urther . 


In  acdition,  we  verified  the  scaling  regions  proposed  by 


Drake  analytically.  This  is  in  effect  a  validation  of  our 


approach,  as  well,  since  the  data  also  closely  fits  our 


results.  It  also  would  seem  to  strengthen  support  for  use 


of  the  Drake(2,3)  regions  over  those  advanced  previously 


by  Higgins(4  )  . 
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In  summary,  the  major  results  of  the  research  were  in;  a; 
validating  empirically  obtained  scaling  region  criteria  by 
a  totally  independent,  analytical  method;  and  b] 
establishing  the  usefulness  and  appropriateness  of  the 
analytical  approach  when  dealing  with  geometric  questions 
in  this  field  of  research. 

Further  research  might  center  around  investigating  the 
possible  existence  of  the  second  spherical  region,  men¬ 
tioned  previously,  and  the  development  of  an  appropriate 
scaling  law  valid  within  it.  If  such  a  region  does  have  a 
different  scaling  law,  one  would  expect  data  taken  at  the 
larger  distances  to  deviate  somewhat  from  the  presently 
used  scaling  rule. 
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A  poena i *  A 


Tne  Governinq  Equation  -  The  Inhomooenous  Helmholtz 


Equation 


The  evolution  of  the  pressure  or  shear  wave  radiating  from 
an  explosive  source  in  an  elastic  media  satisfies  the  sca¬ 
lar  wave  equation-. 


72£  -  ^  =  -4tt f  (x  ,  t  ) 

C2  3 1 2 


C  A- 1 .  1  ) 


where  f(x,t)  is  a  known  source  distribution.  The  factor  c 
is  the  velocity  of  propagation  in  the  medium,  assumed  here 
to  be  without  dispersion  (i.e.,  c/c(w)),  where  w  is  the 
frequency  of  the  wave).  We  consider  the  simple  situation 
of  no  boundary  surfaces  and  proceed  to  remove  the  explicit 
time  dependence  by  introducing  a  Fourier  transform  with 
respect  to  frequency.  We  suppose  that  &  (r,t)  and  f(r,t) 
have  the  Fourier  integral  representations. 


& ( r  ,  t )  =  —  f  $ ( r , w  )  e~ i w^dw 

2  m  _oo 


( A-  1 .2) 


f (r,t j 


—  /  f ( r , w ) e" i w ^ dw 

2  m  _oo 


(  A  -  1  .  3  J 


When  these  representations  (A-1.2),  (A-1.3J  are  inserted 
into  the  wave  equation  (A-l.l)  it  is  found  that  the 
Fourier  transform  &  (r,w)  satisfies  the  inhomogeneous 


Helmholtz  wave  equation 

■  7  2  +  K2  j  ^  (r,wj  =  - u n  f  f  r , w 
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The  Governing  Equation _ -  The  Inhomoqenous  Helmholtz 

Equation 

for  each  value  of  w.  Here  k(=w/c)  is  the  wave  number 
associated  with  frequency  w.  In  this  form,  the  restric¬ 
tion  of  dispersion-free  propagation  is  unnecessary.  A 
priori,  any  connection  between  k  and  w  is  allowed, 
although  causality  imposes  some  restrictions. 

In  the  case  at  hand  the  time  dependence  of  the  source  wi 
be  localized  in  time  (i.e.,  the  source  vanishes  except  1 
some  small  interval  At).  However,  it  is  well  known  that 
by  Fourier  analysis  we  can  form  such  a  localized  time 
dependence  from  a  number  of  sinusoidally  varying  sources 
Thus  we  lose  no  generality  in  considering  potentials  ana 
sources  (localized  in  space)  which  vary  sinusoidally  in 
time . 


In  this  case: 


The  Green  5  r unction  Method  of  Solution  of  the 


Inhomcqenous  Helmholtz  Equation 
A  solution  of  the  equation 

(V2  +  K2}  i(r)  =  -4Trp(r")  (  A  -  2  .  1  ; 

can  be  constructed  from  a  superposition  of  the  solutions 

for  point  sources  of  unit  strength,  p(r),  if  we  define 

-► 

p( r )  by 

p(rj  =  /J76(  r-r’  Jp(  r’  )d3x’  (A-2.2J 

where  /J76  (  r- r  ’  } d 3 x  ’  =  1.  (6  is  the  Dirac  delta 

function.  ) 

-♦  ♦ 

Suppose  that  a  solution  G(r,r’)  can  be  found  for  the 
equation 

(V2  +  K2)  G  (  r  ,  r  ’  J  =  -  A  tt  6  (  r  -  r  ’  J  ( A-2 . 3  J 

Then  i  (r),  the  desired  solution  of  equation  (A-2.1j,  is 
readiiy  shown  to  be 

$(r)  =  ///G  (  r  ,  r  ’  )p(r’  )dV  (A-2. a) 

To  verify  that  equation  (A-2. A)  is  a  solution  of  equation 
(A-2.1J,  we  utilize  equations  (A-2. 2)  and  (A-2.3J  as 

‘oiiows:  (V2  +  K2)  /// G  C r , r  ’  )p( r  ’  ) d3 x’  = 

-  ///(V2  +  K2)G(r,r’)p(r’)d3x' 

-  If  I  -  Att  6  f  r-  r  ’  )o(  r  ’  )d3x’ 

♦ 

-  -  a  'ip  f  r  j 
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Appendix  B 


Source  Confiourations 


The  following  source  configuration  were  examined: 


a)  single  spherical  source 

b)  single  cylindrical  source 

c)  continuous  planar  source  -  both  rectangular  ana 
circular 

d)  planar  source  composed  of  an  array  of  discrete 
cylindrical  sources.  (We  examined  the  case  of  even 
number  of  sources  as  well  as  odd  number  of  sources.) 


Solutions 


The  solutions  to  the  wave  equation  appropriate  to  the 
above  source  configurations  are: 


a)  Spherical  source  -  $,r  a  — —  { i K R  —  1 } 


(B-2.  1  J 


b)  Cylindrical  source  -  §,r  a  N0(KR) 


(B-2  . 


for  R  >  radius  of  cylinder  where  N0  is  the  Neumann 
function  of  order  o. 


Continuous  rectangular  source 

f2i  =  length;  2m  =  width) 
i)  Near  zone  -  $ ,  r  a  t  a  n  -  *  I  ~ 


R  (  m 2  +  1 2  +  R2 )i 


T  7  ^ 
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solutions  -  (Continued] 

ii)  Intermediate  and  Far  Zones 


lm  r  .  T  1 

§,R  a  //eixtx’  2  +  Y  2  +  R2]  2 


(B-2.4  j 


i  KR 


d x  dy 


{  [x’2  +  Y*2  +  R2]  [x’2  +  y’2  +  R2]3/2  } 


continuous  circular  source  -  radius  =  a 


R  « - - - , 

( R2  +  a 2 ) 2 


.iKR  [  R  2  +  a  2]  iKR 


(6-2.5) 


d)  Discrete  rectangular  source  -  (here  we  examined  only 
the  near  zone  as  the  intermediate  and  far  zones  are  as 
in  cii)  above.)  Here  2s  is  the  array  member  width  ana 
26  is  the  array  member  spacing. 


i  )  even  source 


t  .  2)  1  .  ,ni  ,  4nnS  r 

6,  pa  const.  +  -  L  -  sin( - J  cos  nr  exp  |  - - 

tt  n  =  l  n  1+S  L  S*6  J 


(  B  -  2 . 6  j 


|  ,  pa  con' 


i i  )  odd  source 

ao 

_  2  \  1  .  ,  nn  , 

>t.  *  —  L  -  sm( - )  exp 

tt  n-l  n  i  *3 


6nnH  -[■ 

S  +  5  J 


where  B 


*iy ^MYiVrl  V 


An* 


,1 


nsiderations 


The  comparison  of  the  “exact"  (numerical  integration  of 
eqn.  (6))  solution  with  the  various  analytical  approxima¬ 
tions  (B-2.3),  (8-2.4)  indicates  that  for  a  certain  range 
of  R  the  continuously  distributed  planar  source  is  a  good 
approximation  to  the  exact  solution.  On  the  other  hand, 
for  another  range  of  R  the  static  periodically  distributed 
planar  model  is  relatively  accurate.  We  shall  call  this 
"transition"  value  of  R,  Rj.  with  these  two  analytical 
models  in  hand,  we  can  examine  scaling  region  definitions. 

The  approach  will  be  to  expand  the  two  models  in  their 
regions  of  accuracy  and  to  compare  the  behavior  of  these 
models  with  that  of  the  single  spherical  source,  the  infi¬ 
nitely  long  cylindrical  source,  and  the  infinite  planar 
source  (the  "ideal"  sources).  The  scaling  regions  will 
then  be  chosen  as  those  in  which  the  dominant  field  beha¬ 
vior  is  that  of  one  of  these  ideal  sources. 


In  order  to  indicate  our  procedure,  we  will  use  the  static 
example.  The  static  solution  is  relatively  accurate  for 
R  <  R t  •  ror  all  but  those  arrays  with  large  (a  >3)  aspect 
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C-I.  Scaiinc  Considerations  -  (Continued) 


ratios,  this  value  is  greater  than  R  =  1.  Then,  one  can 
see  that  the  static  calculation  is  practically  the  only 
calculation  necessary  in  order  to  determine  scaling 
regions  (with  the  exception  of  the  possible  second  spheri¬ 
cal  region ) . 

In  the  static  case  the  quantity  of  interest,  §,r  is  given 
by  : 


$,R  a  tan_1  l  — — - T  1 

R(m2+12+R2)2 

In  order  to  examine  the  dominant  field  behavior,  we  expand 
the  above  using 

tan~ lx  =  X  -  -  X3  +  . . .  X2<1 

3 

tan-lx  =  -  -  —  +  —  -  ... 

2  X  3X 3  X  2  >  1 


Case  *1 : 
Then 


R  < 
5  *  R 


m  <  1 

i 

a  1  R(  m2  +  l  2  +  R2 ) 2 

2  ml 


+ 


Scalina  Considerations 


(Continued  J 


This  is  planar  behavior  as  the  leading  term  is  a  constant 
Case  *2:  m  <_  R  <  1 

Then  $,R  a  ^  { 1  -  ~  2  -  .  •  •  } 

K  Z  x 

This  is  cylindrical  behavior  as  the  leading  term  has  a 
single  inverse  power  dependence. 

Case  *3:  m<l<R 


Here 


1  If  _  1  + 

2  R2  2  R2 


This  is  spherical  behavior  as  the  leading  term  has  a 
inverse  square  dependence. 


Since  one  would  expect  scaling  laws  to  change  as  field 
behavior  changes  in  given  regions,  scaling  laws  should  be 
based  on  the  following  break-down  of  regions: 

Planar  R<m<i 

Cylindrical  mj_R<l 


Spher ical 


m  <  1  <  R 


Sc  aline  Considerations 


(Continued  j 


It  then  turns  out,  quite  independently  from  the  method  c ' 
Drake,  that  this  break-down  of  regions  coincides  with  tna 
of  Drake. 

In  addition  to  the  regions  suggested  by  Drake,  we  disco¬ 
vered  "inner"  scaling  regions.  "Inner"  regions  scaling 
breakdown  is  of  course  based  on  the  near  field  static 
solutions  (B-2.6)  and  (B-2.7).  The  examination  of  the 
dominant  field  behavior  is  a  little  more  complex  and  the 
resulting  breakdown  a  little  less  clear  cut. 


In  the  case  of  both  even  and  odd  arrays,  the  field  can  be 
expanded  as: 


2(6  +  1  ) 


$  >  R  a  I  + - 


3n  (  p  )  ( - £ - } 

1  _4irnBR  +  1  (4TrnBR)2  _ 

( 1+6)6  2  (1+6)6 


where  an  (P)  is  equal  to  one  function  of  n  in  the  odd 
case  and  a  different  function  of  n  in  the  even  case.  we 
will  have  planar  behavior  if  the  constant  (=1)  in  the 
denominator  of  the  terms  in  the  summation  dominates; 
cylindrical  behavior  if  the  term  proportional  to  R  domi¬ 
nates;  etc.  We  evaluated  the  sum  numerically  for  dif¬ 
ferent  values  of  R  and  compared  with  expected  behavior. 
The  resultant  regie n  breakdown  for  the  odd  array  is: 


Seal!  no  Considerations  -  (Continued 


R/6  <  — 

46 

i-  <  R/5  < 


Planar  Benav i or 


Cylindrical  Behavior 


1  +  o  g 

Assuming  that  m>  A - -  6,  there  is  no  inner  spheric 

A  8 

region . 

For  the  even  arrays,  we  have  determined  that  the 
inner  breakdown  is: 


R/6  <  - 
4 


Cylindrical  Behavior 
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0 1 n e r  Source  Configurations 

In  the  manner  of  Drake  (1),  we  briefly  examine  the  field 
behavior  of  both  single  spherical  ana  cylindrical  sources 
in  addition  to  circular  disc  sources.  The  integrands  of 
the  solution  (B-2.1)  and  the  solutions  (B-2.2)  and  (B-2.5J 
can  be  expanded  in  the  various  regions  to  obtain  the  domi¬ 
nant  field  behavior  in  those  regions.  The  results  are: 

Spherical  source  (Radius=a) 

R<a  Planar  behavior 

a_<R  Spherical  behavior 

Cylindrical  source  (Radius=a) 

R<a  Planar  behavior 

a_<R<M  Cylindircal  behavior 
M_<R  Spherical  behavior 

Circular  disc  (Radius=a) 

R<a  Planar  behavior 

a<_R  Spherical  behavior 

Note  that  the  region  breakdown  for  the  circular  disc  could 
also  have  been  obtained  from  that  of  the  rectangular  pla¬ 
nar  arrays  by  setting  1  =  m  ,  with  the  resulting 
"disappearance"  of  the  cylindrical  region. 
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APPENDIX  -  NOTATION 

The  f  ol  1  o 

wing  symbols  are  used  in  this  paper: 

?2  - 

The 

Laplacian  operator 

K  - 

The 

wave  number 

M  - 

The 

di  latior.al  and  shear  potentials,  r 

espectivei, 

f  ( *’  ) ,g( x’  )  - 

The 

source  geometry  factors 

u  r  *  u  z  ” 

The 

displacements  (cylindrical  co-ordinates, 

R  - 

The 

perpendicular  distance  between  the 

arra,  cent 

and 

tne  point  of  observation 

C  - 

The 

velocity  of  propagation  for  a  part 

icuiar  mooe 

o  f 

wave 

H  - 

The 

wave  frequency 

6 U)  - 

The 

Dirac  delta  function 

P  (  r  j  - 

The 

source  density 

->  -* 

f  t  r  ’  ) 

o  v  *•  t  ^  ) 

The 

Green  function 

No  - 

The 

Neumann  function  of  zero  order 

a  - 

The 

.  .  •  „  lenath 

array  aspect  ratio  a  = - — 

width 

2m  - 

The 

width  of  an  array 

2 1  - 

Tie 

length  of  an  array 

"~>  - 

R  r  r 

ay  member  width 

- 

A  r  r 

ay  member  spacing 

*  r 

T  r  a 

edition  value  of  R 

TABLE  1 


Odd  Arrays 


-  <  R/6  <  —  Planar  scaling 

6  46 

1  1+26 

—  £  R/6  <  flg  Cylindrical  scaling 


6  <  R  <  m  Planar  scaling 
46 


m  <  R  <  1 
1  <  R 


Cylindrical  scaling 
Spherical  scaling 


Even  Arrays 


e/6  <  R/6  <  - 
4 


Cylindrical  scaling 


6/4  _<  R  <  m 
m  <  R  <  1 
1  <  R 


Planar  scaling 
Cylindrical  scaling 
Spherical  scaling 


e  is  the  cut-off  distance.  This  is  the  distance  beyono 
which  high  frequency  components  are  severely  attenuated 


The  above  assume  "natural”  ordering,  i.e.: 
e<s<6<m<l 


6 


5  b 
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ii  v  p ->  r  b  .1  r  i  c  oxygen  treatment  was  found  to  adversely  affect 
the  electroretinograms  (ERGs)  of  rats  fed  a  diet  deficient 
in  both  vitamin  E  and  selenium  (the  basal  or  B  diet)  or  a 
diet  deficient  in  vitamin  E  alone  (B  +  Se  diet).  Both  vitamin 
E  and  selenium  are  raicronutrients  thought  to  play  essential 
roles  in  preventing  in  vivo  lipid  peroxidation.  After  4  w  k  s 
of  hyperbaric  oxygen  treatment  (3.0  A  T  A  of  100  Z  oxygen,  1.5 
hrs  per  day,  5  day/wk)  rats  fed  the  B  diet  deficient  in 
vitamin  E  and  selenium  showed  decreased  (p  <  0.05)  a-wave 
amplitudes  (S5+_9  uV,  N  =  1  1  )  compared  with  a-wave  amplitudes 
(  i  3  I  1  0  vi  V  ,  N  =  2  1  )  for  ra.s  fed  an  identical  diet  but  not 
treated  with  hyperbaric  oxygen.  Rats  fed  a  basal  diet 
supplemented  with  both  vitamin  E  and  selenium  (the  B+E+Se 

or  with  vitamin  E  alone  (the  R  +  E  diet)  showed  constant 


!  - 

. :  n  ■  j  :>-  w .  •  v  <  •  amplitudes 

that  did  not 

decrease 

a  f  t  e  r 

i  5 

w  •»  »■* 

s  of  hyperbaric  oxygen 

t  reatment  . 

After  15 

weeks 

o  f 

hyperbaric  oxygen  treatment  rats  fed  the  B+Se  diet  deficient 
in  vitamin  E  alone  showed  decreased  (p  <  0.01)  a-wave  (61  _+ 1 9 
uV,  N  =  4)  and  b-wave  (  253_+2  3  uV,  N  =  4)  amplitudes  compared 
with  a-wave  (  1  1  5+_7  uV ,  N  =  4  )  and  b-wave  amplitudes  (450^35 
uV,  N  =  4  )  for  rats  fed  the  same  diet  but  not  treated  with 
hyperbaric  oxygen.  Vitamin  E  supplementation  alone  appear 
to  provide  long  term  protection  from  hyperbaric  oxygen 
damage  to  the  retina.  Dietary  deficiencies  of  both  vitamin 
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!<  'i  a  n  t  i  t  a  l  1  v  e  liistopathology  .studies  show  c  d  that  rats  fed 
the  vitamin  E  and  selenium  deficient  diet  (the  B  diet)  for  6 
wks  had  necrosis  of  the  retinal  outer  nuclear  cell  layer  in 
the  temporal  region  compared  with  rats  fed  the  same  diet  but 
supplemented  with  vitamin  E  and  selenium  (B+E+Se  diet). 

This  necrosis  of  the  photoreceptor  cells  was  not,  however, 
influenced  by  4  wks  of  hyperbaric  oxygen  treatment.  Rats 
fed  the  vitamin  E  deficient  diet  for  17  wks  and  treated 
with  hyperbaric  oxygen  for  15  wks  also  showed  a  significant 
(  p  <  0.05)  photoreceptor  cell  necrosis  compared  with  rats 
fed  an  identical  diet  but  not  treated  with  hyperbaric 
oxygen.  The  retinal  pigment  epithelium  cells  were  found  to 
have  a  greater  cell  height  in  rats  fed  the  vitamin  E 
deficient  diet  for  17  wks  but  this  histopathology  was  not 
influenced  by  hyperbaric  oxygen  treatment  for  15  wks. 

The  livers  of  rats  fed  the  B  diet  for  6  wks  had 
significantly  higher  levels  of  malondialdehyde  (MDA)  than 
rats  fed  the  B+E+Se  diet.  Hyperbaric  oxygen  (4  wks)  did 

not,  however,  increase  the  levels  of  liver  MDA.  The 
polyunsaturated  fatty  acid  content  (PUFA)  of  whole  liver 
homogenate  from  rats  fed  the  B  or  B+E+Se  was  very  similar 
and  unaffected  by  hyperbaric  oxygen  treatment  (4  wks). 
Similarly,  the  PUFA  content  of  rat  liver  phospholipids  was 
unaffected  by  diet  or  hyperbaric  oxygen  treatment.  The 
plasma  of  rats  fed  the  B  diet  for  6  wks  and  treated  with 
hyperbaric  oxygen  for  4  wks  was  significantly  higher  than 
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oxygen  treatment  is  increasingly  being  used  to 


n  n  e  r  b  a  r  1  <: 

treat  a  variety  of  clinical  disorders  and  to  enhance  wound 
healing.  These  clinical  disorders  include  gas  gangrene,  gas 
embolism,  decompression  sickness  and  carbon  monoxide  poisoning. 
The  therapeutic  benefits  of  long  term  hyperbaric  oxygen  treatment 
are  potentially  limited  by  the  toxic  effects  of  high  oxygen 
concentration  upon  the  retina,  lung  and  other  organs  (1-4). 
Hyperbaric  oxygen  toxicity  is  associated  with  increased  lipid 


peroxidation  and  increased  free  radical  generation.  Vitamin  F. 
effectively  quenches  free  radicals  generated  by  lipid 
peroxidation  and  selenium  (Se)  is  a  cofactor  for  glutathione 
peroxidase  which  detoxifies  lipid  hydroperoxides  or  hydrogen 


peroxide.  Rats  deficient  in  vitamin  E  and/or  selenium  have  been 
shown  to  have  increased  in  vivo  lipid  peroxidation.  Humans 
deficient  in  vitamin  E  and/or  selenium  might  be  particularly 


susceptible  to  hyperbaric  oxygen  toxicity. 


The  retina  is  more  sensitive  to  toxic  and  environmental 
disorders  ‘  Inn  most  other  tissues.  The  retina  is  particularly 
predisposed  to  the  toxic  effects  of  lipid  peroxidation  initiated 
by  oxy-radicals.  This  is  because  the  retina  has:  a)  a  very  high 


content  of  polyunsaturated  fatty  acids  (about  30%  22:6n3)  which 
are  very  susceptible  to  lipid  peroxidation  (5);  b)  a  very  high 
consumption  of  oxygen,  about  seven  times  more  per  g  of  tissue 
than  the  brain  and  ;  c)  the  presence  of  pigments  (e.g.  retinal) 
capable  of  inducing  photosensitized  oxidation  reactions  (6). 


In  animal  models  hyperbaric  oxygen  can  cause  severe  retinal 
pathology  and,  in  humans,  causes  loss  of  visual  fields  and  visual 
definition  (7).  The  ability  of  the  retina  to  resist  oxidative 
damage  is  very  dependent  upon  the  functioning  of  both  enzymatic 
and  chemical  antioxidant  mechanisms  (8).  Rat  retinas  normally 
have  very  high  levels  of  vitamin  E  and  significant 
g 1 u t a t h i o n e -S - t r a n s f e r a s e  and  glutathione  peroxidase  activities 
(8,9).  Retinal  vitamin  E  and  glutathione  peroxidase  are 
decreased  to  very  low  levels  by  nutritional  deficiency  of  vitamin 
E  and  selenium,  respectively  (6,10).  Retinal 

glutathione -S-transferass  activity  is  induced  in  the  absence  of 
dietary  vitamin  E  and  selenium  (9). 

Armstrong,  et  al.  (11),  have  shown  that  intravitreal 
injections  of  synthetic  lipid  hydroperoxides  into  rabbit  eyes 
causes  a  marked  decrease  in  the  a-,  b - ,  and  c-wave 
elcctroretiiiogram  (ERC-)  amplitudes.  In  the  absence  of  any 
hyperbaric  stress,  rats  fed  a  basal  diet  deficient  in  both 
vitamin  E  and  selenium  (the  B  diet)  for  20  weeks  or  longer  show  a 
decreased  a-  and  b-wave  ERG  amplitudes  (6).  The  retinal  pigment 
epithelium  of  rats  fed  the  diet  deficient  in  both  vitamin  E  and 
selenium  also  show  a  large  accumulation  of  fluorescent  lipofuscin 
pigment  (JO)  as  well  as  major  ultra  structural  alterations  (12). 
Lipofuscin  pigment  is  thought  to  be  a  by-product  of  in  vivo  lipid 
peroxidation. 


•  >  -  ;  •'  1)  i  r  ’  c  o  x  .  ■■  w  d  a  a;i  g  e  t  o  t  »  •:  r  e  t  in  .1  v  :  c  >.  •_>  1  *•  rated  in  rat  s 

Jel lcient  in  dietary  antioxidant  nutrients  and  inhibited  in  rats 
supplemented  with  antioxidant  nutrients.  T  fi  e  antioxidant 
nutrients  tested  in  this  study  were  vitamin  E  and  selenium. 
Damage  to  the  retina  was  determined  n o n  i  n v a s  i  v e 1 y  by  measurement 
of  a-  and  b-  wave  ERG  amplitudes.  Further  characterization  of 
retinal  damage  was  made  by  quantitative  h i s t o pa t ho  1 og y  studies. 


METHODS 

Male,  30  g,  inbred  Fischer-344  (CDF)  rats  were  obtained  from 
Charles  River  Breeding  Laboratory.  The  animals  were  housed  in 
suspended  stainless  steel,  wire-bottomed  cages  and  maintained  at 
2  5+_  2  C  and  50%  relative  humidity.  Lighting  was  on  a  6:00  AM  to 
6:00  PM  light  period  and  a  6:00  PM  to  6:00  AM  dark  period  (light 
intensity).  Upon  arrival  in  the  animal  care  facility,  the  rats 
were  fed  a  normal  Purina  laboratory  chow  (Rodent  Laboratory  Chow 
5001,  Ralston  Purina  Co.,  St.  Louis,  M0)  and  water  ad  libitum  for 
1  week.  The  experiment  was  divided  into  two  phases. 

Phase  I 

In  phase  one  a  factorial  design  was  utilized  in  which  rats 
were  randomly  assigned  to  four  dietary  groups:  1)  a  basal  diet 
deficient  in  both  vitamin  E  and  selenium  but  adequate  in  all 
other  nutrients  (the  B  diet  with  24  rats)  as  proposed  by  the 
National  Research  Council  for  the  Laboratory  Rat  (13);  2)  a  basal 
diet  plus  vitamin  F.  (the  B  +  E  diet)  with  8  rats);  3)  a  basal  plus 
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e  1  •' n  i  un  diet  (  diet  with  8  r  jts)  ;  4)  a  basal  plus 

vitamin  E  plus  selenium  diet  (the  B+E+Se  diet  with  2  4  rats). 
Vitamin  E  was  provided  at  a  level  of  50  mg/kg  of  diet  at  1.1  IU 
per  mg  of  a  1 1  - r a c - a  1 p ha - t o c o p he r o 1  and  selenium  at  a  level  of  0.4 
ppm  as  sodium  selenite.  The  detailed  composition  of  the  basal 
diet  is  provided  in  Table  1. 


All  dietary  supplies  were  purchased  from  U.S.  Biochemical 
Co,  Cleveland,  OH.  The  Torula-based  diets  were  prepared  in  2  kg 
batches  by  slowly  mixing  the  constituents  to  avoid  heating,  and 
stored  at  4  C.  The  glass  and  stainless  steel  feeders,  obtained 
from  Hazelton  Systems,  Aberdeen,  MD,  were  filled  every  2  days  and 
any  uneaten  food  discarded  to  minimize  rancidity.  Rats  in  all 
the  dietary  groups  were  provided  with  deionized  water  to  which  3 
ppn  chromium  (as  CrC13)  was  added.  Both  diet  and  drinking  water 
were  provided  ad  libitum. 

Half  the  rats  from  each  dietary  group  were  treated  with 
hyperbaric  oxygen  (HBO)  i.e.,  3.0  AT A  of  pure  oxygen,  1.5  hr  per 
Cay,  5  days/week.  Tnis  treatment  began  2  weeks  after  the  start 
of  the  dietary  regimens.  The  remaining  rats  provided  a  non HBO 
control  groups  to  monitor  retinal  damage  that  might  be  due  to 
antioxidant  deficiency  alone. 


A  i  v  ••  pin  •  1  •.*  c  L  r  1 1 .1  e  w  a  s  i:is'-rt>>d  u  n  d  e  r  t  lie  sc.uji.  *  <•  use  ii  a 

g-< r. f  •.*  1  -i  (  w  h  o  1  o  f  i »- 1  cl  )  t  1  a  sh  ,  a  Grass  photo  stimulator  an  d  a 
'I  ek  ton  lx  model  6  512  recordir.  g  oscilloscope  with  a  5A22N 
differential  amplifier  and  a  5B10N'  time  base  amplifier.  The 
animals  were  placed  in  a  dark  room  for  1  hr  before  measuring 
ERGs.  About  10  min  before  recording  an  ERG,  each  rat  was 
anesthetized  (  IM  injection)  with  0.1  ml  of  ketamine  (50  mg/ml). 

At  least  six's  a-  and  b-wave  amplitude  measurements  were  made  for 
each  eye  and  the  results  (at  least  12  measurements  per  rat) 
averaged . 


Phase  II 


During  the  phase  I  rats  in  the  B+HBO  group  were  being  depleted 
of  vitamin  E  and  selenium  while  continuously  being  treated  with 
I!  BO .  It  was  reasonable,  therefore,  to  ask  whether  any  retinal 
damage  observed  in  phase  I  B+HBO  rats  actually  required  long  term 
HBO  treatment.  Alternatively,  there  might  be  critical  level  of 
vitamin  E  and  glutathione  peroxidase  below  which  retinal  damage 
could  occur  even  with  short  term  HBO  treatment.  This  alternative 
hypothesis  was  tested  in  phase  l 1  by  treating  five  rats  fed  the  B 
diet  for  six  weeks  with  a  short  term  (3  days)  exposure  and  then 
recording  the  ERG  amplitudes.  In  this  experiment,  the  rats  would 
already  be  depleted  of  vitamin  E  and  selenium  at  the  time  of 
initial  exposure  to  HBO. 


Blood  collection  and  nutritional  assessment 


TO? 


p  •;  r  o  x  i  »i  1  s  e  (  G  S  H  P  X  )  activity  se.isurcd  .  G  1  u  tat  h  ione  pe  i  u  x  i  d  a  s  e  i  s 
a  selenoeiuyne  and  its  activity  in  rat  plasma  a  a  a  red  blood  cells 
(RBCs)  is  a  good  measure  of  selenium  status.  About  1.5  ml  of 
blood  was  obtained  from  each  rat  after  cutting  (under 
nethoxyf luorane  anesthetization)  off  a  small  section  from  the  end 
of  the  tail.  The  blood  was  collected  into  a  5  ml  tube  containing 
EDTA  as  an  anticoagulant  and  spun  at  600xg  for  20  min  and  the 
plasma  and  red  blood  cells  (RBCs)  separated. 

Glutathione  peroxidase  activity  was  measured  in  the  individual 
plasma  samples  by  the  coupled  method  of  Paglia  and  Valentine  (14) 
using  cumene  hydroperoxide  as  a  substrate.  Plasma  vitamin  E  was 
measured  using  a  slight  modification  of  the  spectrof luoronetr  ic 
met ’nod  of  Duggan  (15).  A  0.5  ml  aliquot  of  plasma  was  thoroughly 
mixed  with  0.5  ml  of  distilled  water  and  1.0  ml  of  redistilled 
ethyl  alcohol  followed  by  addition  of  4.0  ml  of  redistilled 
hexane  and  1.5  min  of  «•  c  r  t  e  x  i  n  g  .  The  f  1  u  o  r  e  =  o  e  n  c  e  of  the  organic 
phase  was  measured  in  a  model  111  Turner  fluorometer  equipped 
with  a  UV ,  T-5  lamp.  Interference  filters  with  a  340 am  and  a 
295nm  bandpass  were  used  for  emission  and  excitation, 
respectively  (Ditric  Optics  Inc.,  MA).  A  set  of 
DL-alpha-tocopherol  standards  were  run  with  each  set  of 
measurements  . 

Lipid  Peroxidatic n 
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Lipid  peroxidation  has  classically  been  determined  by  the 
thio  barbituric  acid  (TBA)  assay  which  measures  the  MDA  content  of 
biological  samples.  It  is  likely,  howevei,  that  this  assay  also 
measures  the  nonvolatile  precursors  of  MDA  as  well  as  endogenous 
MDA.  The  thiobarbituric  assay  has  been  used  by  other 
investigators  to  estimate  the  MDA  content  of  animal  tissues.  We 
have  also  used  the  TBA  assay  since  it  provides  useful  comparative 
data.  Since  the  amounts  of  lipid  peroxides  may  be  very  low  in 
the  animal  tissues  we  used  the  highly  sensitive  fluorescent  assay 
described  by  Ohkawa,  Ohishi  and  Yagi  (18). 

In  this  assay,  0.2  ml  of  tissues  sample  (plasma  or  liver 
homogenate)  were  added  to  0.2  ml  of  8.1Z  sodium  d o d e c y 1 s u 1 f a t e 
(SDS),  1.5  ml  of  20Z  acetic  acid  at  pH  3.5,  1.5  ml  of  0.8Z  TRA  . 
The  mixture  was  adjusted  to  4.0  ml  with  distilled  water,  heated 
at  95  cieg  C  for  60  min  with  a  glass  ball  condenser.  After 
cooling,  1.0  ml  of  distilled  water  and  5.0  ml  of 

n - b  u  t a  n o 1 : p  y  r i d i n  e  (15:1,  v/v)  were  added  and  vigorously  shaken. 
After  centrifugation  at  4000  x  g  for  10  min  the  fluorescence  of 
organic  layer  was  measured  at  553  r. a  eramision  and  515  nm 
excitation.  Freshly  diluted  1 , 1 , 3 , 3 - t e t r a  me t ho x y p r o pa n e  was  used 
as  an  external  standard. 

H istopathology 

Rats  were  anesthetized  with  halothane  (Halocnrbon  Inc.)  and 
then  perfused  (transcardiac)  with  isotonic  saline  (300  ml) 
followed  by  0.075  M  I'arnof  sky  's  fixative  (500  ml).  The  perfusion 
pressure  was  maintained  at  90  mm  H  g  .  The  eyes  we  r  <>  e  n  no  lent  •*  d  , 
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1.  We  found  that  the  a-  and  b-wave  electroretir.  ogram  (ERG) 
amplitudes  for  the  rats  fed  the  diet  supplemented  with  vitamin  E 
and  selenium  (B+E+Se  diet)  or  vitamin  E  alone  (B  +  E  diet)  were 
very  constant  throughout  the  17  w  k  feeding  experiment  and  were 
unaffected  by  15  wks  of  HBO  treatment.  Figure  1A  and  IB  provide 
the  a-wave  amplitudes  for  the  B+E  group  and  the  B+E+Se  after  6 
wks  (4  wks  HBO)  and  17  wks  (15  wks  HBO)  of  being  fed  the  test 
diets. 

Rats  fed  the  diet  deficient  in  both  vitamin  E  and  selenium  (B 
diet)  had  a-  and  b-wave  amplitudes  indistinguishable  from  the 
other  groups  after  4  wks  of  being  fed  the  diets  and  the  a-  and 
b-wave  amplitudes  were  unaffected  by  2  wks  of  HBO  treatment. 
Figure  1A  shows,  however,  that  after  6  wks  on  the  B  diet  and  4 
wks  of  HBO  treatment  there  was  a  marked  decrease  in  the  a-wave 
amplitudes  of  rats  fed  the  B  diet  and  treated  with  HBO  (85+^9  uV) 
compared  to  the  a-wave  amplitudes  ( 1 5 1 ± 1 0  uV)  of  rats  fed  the 
l  i "  r.  t  i  •;  >  !  diet  but  not  treated  with  HBO  (the  B  +  non  HBO  group)  or 
r  >j~ ipar-'ii  with  the  a-wave  amplitudes  for  rets  in  the  B  +  Se,  B  +  E  and 
3+E+Se  groups  (with  or  without  HBO  treatment).  The  a- wave 
amplitudes  of  rats  in  B+nonHBO  (6  wk  diet)  were  very  similar  to 
those  recorded  for  rats  in  the  B+Se,  B+E  and  B+E+Se  groups  (with 
or  without  HBO  treatment).  Figure  3  shows  a  typical  ERG  tracing 
for  rats  fed  the  B  diet  and  either  treated  or  not  treated  with 
hyperbaric  oxygen. 

T  h  <•  b  -  w  a  v  e  amplitudes  of  rats  fed  the  B  diet  for  6  wks  an  d 
t  :  e  a  t  e  d  wit  h  If  BO  for  4  wks  (  2  7  7  +  2  5  u  V  )  w  a  s  the  In  w  *>  s  t  r  o  <:  n  r  d  e  d 
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treated  with  HBO.  The  a -wave  amplitudes  for  this  B+3  day  HBO 
group  was  13  0 +_  12  u  V  (  .V  =  6  )  ,  which  was  very  similar  to  the  a  -  w . ;  e 
amplitude  observed  for  the  age- matched  control  nonHBO  B  rats 
(150jtl0  uV  ,  N  =  2 1  )  and  similar  to  that  observed  for  BfE+Se,  B  *  E  or 
B+Se  rats  (HBO  or  nonHBO)  at  this  time  point  (see  Figure  1A). 
These  data  indicate  that  prolonged  HBO  treatment,  as  well  as 
vitamin  E  and  selenium  deficiency  are  required  for  a  significant 
decrease  in  a-wave  amplitudes. 


The  b-wave  amplitudes  for  the  phase  II  B  +  3  day  HBO  rats  was 

2  6  2jt61  uV  (N  =  6)  which  is  not  significantly  different  from  the 

3  8  6  _+  2  6  u  V  (  N  =  2  1  )  observed  for  the  B  nonHBO  group.  It  is 
possible,  however,  that  a  greater  sample  size  could  have 
established  statistical  significance. 


Plasma  vitamin  F.  and  selenium  - glutathione  peroxidase  levels 


Table  2  and  table  3,  respectively,  provide  the  plasma  vitamin 
E  1  <•>-..  1  and  the  plasma  Se  - glutathione  peroxidase  activities  for 
rats  in  all  treatment  groups  at  both  2  and  4  weeks  after  start  of 
HBO.  Rats  f  e  cl  the  vitamin  E  and  S  e  deficient  diet  had 
significantly  lower  (p  <  0.01)  plasma  vitamin  E  and  plasma 
glutathione  peroxidase  than  rats  fed  the  diet  supplemented  with 
these  micronutrients.  This  was  true  at  both  2  and  4  weeks. 


It  is  important  to  note  that  the  levels  of  vitamin  E  and  the 
activity  of  glutathione  peroxidase  were  not  influenced  by  4  weeks 
o  f  h  y  p  e  r  h  a  r  l  c  oxygen  treatment.  This  result  is  r,  on  e  w  h  a  t 
s  u  r  p  r  i  s  i  n  g  .  V  >•  a  n  t  i  c  i  pa  t  «■  d  that  hvperli.u  if  ox  y  g  e  n  w  <>  u  1  d  i  n  c  t  <'  a  s  e 
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for  4  w  k  s  . 

Hats  fed  the  B  +  Se  diet  for  17  vks  and  treated  with  hyperbaric 
oxygen  for  15  wks  showed  a  significant  (P  <  0.05)  decrease  in  the 
0  N'  L  thickness  compared  with  rats  fed  an  identical  diet  but  not 
treated  with  hyperbaric  oxygen  (see  Figure  5).  Rats  in  the  B  +  E 
or  the  B  +  E  +  Se  dietary  groups  all  had  similar  ON'L  thicknesses 
which  were  unaffected  by  hyperbaric  oxygen  treatment  for  15  wks. 
The  RPE  cell  height  in  the  central  retinal  region  was  found  to  be 
increased  in  rats  fed  the  B+Se  diet  (17  wks)  but  hyperbaric 
oxygen  (15  wks)  did  not  influence  the  RPE  cell  height.  The  RPE 
cell  height  was  very  similar  in  rats  fed  the  B  +  E  and  B  +  F,  +  S  e  diets 
(17  wks)  and  was  also  not  influenced  by  hyperbaric  oxygen 
treatment  (15  wks). 

L_i_n_ id  Peroxidation  in  Liver  and  Plasma 

T  to  M  D  A  levels  in  livers  from  rats  fed  the  3  or  BtZ  +  S  e  diet 
are  shown  in  Figure  Q  .  As  expected,  livers  from  rats  fed  the  B 
diet  had  higher  levels  of  MDA  than  livers  from  rats  fed  the 
B+E+Se  diet.  Surprisingly,  rats  treated  with  hyperbaric  oxygen 
(in  either  the  B  or  the  B+E+Se  dietary  group)  had  lower  levels  o f 
MDA  than  rats  not  treated  with  hyperbaric  oxygen.  This  unusual 
results  is  discussed  in  the  accompanying  paper  in  more  dot  a  *.  1  . 
Plasma  levels  of  MDA  were  higher  in  rats  fed  the  B  diet  i  • 

w  i  t:  h  rats  fed  the  B+E  +  Se  diet  (see  Figure  1  )  .  As  e  x  ;  •  ■  ’  • 
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observed  only  in  the  B  rats  treated  with  hyperbaric  oxygen  for  4 
wks  cannot  be  readily  correlated  with  photoreceptor  necrosis 
since  this  necrosis  was  observed  even  in  the  B  rats  not  treated 
with  hyperbaric  oxygen.  Future  electron  miscroscopy  experiments 
may  shed  more  light  on  the  specific  ultrastructural  changes 
occurring  in  the  B  rats  treated  with  hyperbaric  oxygen  for  4  wks. 

Rats  fed  the  B+Se  diet  for  17  wks  and  treated  with  hyperbaric 
oxygen  for  15  wks  showed  a  significant  decrease  in  both  the  a- 
and  b-wave  amplitudes  (see  Figuresiu)  compared  with  age-matched 
rats  fed  the  same  diet  but  not  treated  with  hyperbaric  oxygen. 

The  a-  and  b-wave  amplitudes  recorded  for  rats  fed  (17  wks)  the 
B  +  E  diet  or  the  B+E+Se  were  similar  and  unaffected  by  hyperbaric 
oxygen  treatment  (15  wks).  Histopathology  studies  showed 
photoreceptor  cell  necrosis  only  in  the  central  region  cf  retinas 
from  rats  fed  the  B  +  3  e  diet  (17  wks)  and  treated  with  hyperbaric 
oxygen.  The  retinal  pigment  epithelium  cell  height  was  increased 
in  rats  fed  the  B  +  Se  diet  (17  wks)  but  this  increase  was  found  in 
both  rats  treated  or  not  treated  with  hyperbaric  oxygen  (15  wks). 

Our  results  clearly  indicate  that  dietary 
antioxidants  play  a  major  role  in  protecting  the  retina  from 
damage  by  hyperbaric  oxygen.  Vitamin  E  appears  to  be  more 
important  than  selenium  but  deficiencies  of  both  micronutrients 
will  act  synergistically  to  accelerate  retinal  damage  due  to 
hyperbaric  oxygen.  Our  results  do  not  directly  address  the 
potential  damage  of  hyperbaric  oxygen  to  man.  Rats,  however,  are 
generally  considered  a  species  very  resistant  to  oxidative  damage 


washed  three  times  with  0.2  M  cacodylate  buffer,  post-fixed  in  . 


osmium  tetr oxide,  dehydrated  in  graded  ethanol  and  emdedued  in 
Epon  812.  For  each  eye  the  retina  was  divided  along  the 
temporal-nasal  line.  The  resulting  superior  and  inferior  blocks 
were  t h i n -sec t i oned  on  a  Sorvall  5000  u 1 t r am i c r o t one  using  a 
diamond  knife  and  stained  with  1%  toluidine  blue. 

Measurements  of  the  retinal  pigment  epithelial  (RPE)  layer 
cell  height  and  the  outer  nuclear  layer  (ONL)  thickness  were 
conducted  using  a  Zeiss  Interactive  Digital  Analysis  System 
(ZIDAS).  The  temporal  region  of  the  retina  was  defined  hs  the 
distance  starting  from  the  temporal  ora  serrata  and  extending 
3000  um  towards  the  center  of  the  retina.  Similarly,  the  nasal 
region  was  defined  as  the  distance  form  the  nasal  ora  serrata  and 
extending  3000  um  towards  the  center  of  the  retina.  The  central 
region  was  defined  as  the  region  extending  1500  um  from  the 
center  of  the  retina  towards  the  nasal  ora  serrata  and  1500  um 


from  the  center  of  the  retina  towards  the  temporal  ora  serrata, 
i.e.  the  central  region  was  3000  um  in  length.  The  mean  of  ten 
measurements  of  ONL  and  RPE  thickness  for  each  field  of  300  um 
was  recorded.  For  any  given  region  (nasal,  central  or  temporal) 
we  averaged  the  values  obtained  from  ten  300  um  fields. 

RESULTS 

El ectroretinograms 

The  effect  of  antioxidant  deficiency  and  long  terra  hyperbaric 
oxygen  treatment  on  rat  electroretinograms  was  studied  in  phase 

69-15 


for  any  group  b  u  l  was  significantly  lower  ( p  <  0.03)  only  when 
compared  to  the  B*-E  (with  or  without  HBO)  or  the  B+Se+HBO  means 
(see  Figure  2  A).  All  the  HBO  and  nonHBO  rats  in  the  B  group  and 
an  equal  number  of  rats  in  the  B+E+Se  were  sacrificed  for 
histopathology  and  biochemical  studies  at  wk  6. 

Rats  deficient  in  vitamin  E  alone  (the  B  +  Se  group)  showed  a- 
and  b-wave  amplitudes  that  were  similar  after  2,  4,  6  and  8  wks 
on  the  test  diet  and  were  unaffected  by  hyperbaric  oxygen 
treatment.  Furthermore,  the  a-  and  b-wave  amplitudes  at  these 
time  points  were  the  same  as  those  recorded  for  rats  supplemented 
with  selenium  alone  (B+Se)  or  supplemented  with  both  vitamin  E 
and  selenium  (B+E+Se).  Figure  1A  and  2A  provide  the  a-wave  and 
b-wave  amplitudes,  respectively,  for  the  B+Se  group  after  6  wks 
of  being  fed  the  test  diet.  Figure  2 A  and  2B  show  that  after  17 
wks  on  the  test  diet,  and  15  wks  of  hyperbaric  oxygen  treatment, 
the  a-wave  (61hh9  uV  ,  N  =  4)  and  b-wave  amplitudes  (  2  53+^2  2  uV,  N  =  4) 
of  rats  deficient  in  vitamin  E  alone  (B+Se  group)  decreased  (p  < 
0.01)  compared  with  respect  the  a-wave  ( 1 1 5_+ 7  uV,  N  =  4)  and 
b -waves  (451+^3  3  uV,  N  =  4)  amplitudes  for  age- matched  rats  fed  the 
same  diet  but  not  given  hyperbaric  oxygen  treatment.  At  wk  17, 
the  a-wave  and  b-wave  amplitudes  of  the  B+Se+nonHBO  rats  were 
very  similar  to  those  observed  for  the  B+E  or  the  B+E+Se  rats 
with  or  without  hyperbaric  oxygen  treatment. 

In  phase  2,  we  examined  the  effects  of  a  3-day  treatment  with 
hyperbaric  oxygen  (3.0  ATA  of  \00Z  oxygen  for  1.5  hr/day)  on  six 
rats  previously  fed  the  B  diet  for  eight  weeks  but  not  previously 


v  i.  tain  in  E  aiilization  and  therefore  increase  vitamin  E  depletion 


in  rats  fed  the  B  diet  and  treated  with  HBO. 

Weight  of  Experimental  Animals 

Rats  fed  the  B  diet  deficient  in  both  vitamin  E  and  selenium 
for  6  wks ,  and  treated  with  hyperbaric  oxygen  (HBO)  for  4  vks 
show  a  decreased  weight  and  weight  gain  compared  with  age-matched 
rats  fed  an  identical  diet  but  not  receiving  HBO  treatment  (see 
Figure  4).  Similarly,  rats  fed  the  vitamin  E  deficient  diet  and 
treated  with  HBO  (B+Se+HBO)  also  showed  a  reduced  weight  and 
weight  gain  which  continued  during  the  15  wks  of  HBO  treatment. 
HBO  treatment  did  not  appear  to  be  adversely  affecting  the  weight 
or  weight  gain  of  rats  fed  the  vitamin  E  and  selenium 
supplemented  diet  (the  B+E+Se  diet)  or  the  diet  supplemented  with 
vitamin  E  alone  (the  3+E  diet). 

Quantitative  Histopathology  Studies 

The  thickness  of  the  outer  nuclear  layer  (ONL)  and  the  retinal 
pigment  epithelium  (RPE)  layer  were  examined  by  phase  contrast 
light  microscopy.  After  6  wks  on  the  experimental  diets  we  found 
that  rats  fed  the  B  or  the  B+E+Se  diet  had  a  very  similar  KPE 
thickness  in  the  nasal,  temporal  and  central  regions  of  the 
retina  (see  Table  4)  .  Furthermore,  the  RPE  cell  height  was  not 
influenced  by  hyperbaric  oxygen  treatment  for  4  wks.  The  ONL 
thickness  of  the  nasal  region  was  found  to  decrease  in  rats  fed 
the  B  diet  for  6  wks  compared  with  age-matched  rats  fed  the 
BfE+Se  diet.  This  was  not  found  in  the  temporal  or  central 


fed  tiie  B  diet  L  railed  with  ’u  y  per  baric  oxygen  had  higher  levels 
of  M D A  than  B  rats  not  treated  with  hyperbaric  oxygen. 

DISCUSSION 

Dietary  deficiencies  of  both  vitamin  E  and  selenium  were  found 
to  adversely  effect  the  e le c t r o phy s io log ica 1  response  of  the 
retina  to  light.  Decreased  a-wave  and  b-wave  ERG  amplitudes  as  a 
result  of  4  vks  of  hyperbaric  oxygen  treatment  were  apparent  only 
in  rats  deficient  in  both  vitamin  E  and  selenium.  Rats  fed  diets 
deficient  in  vitamin  E  alone  or  selenium  alone  for  6  wks  did  not 
show  decreased  ERG  amplitudes  after  4  wks  of  hyperbaric  oxygen 
treatment.  Hafeman  and  Hoekstra  (16)  have  shown  that  dietary 
deficiency  of  both  vitamin  E  and  selenium  is  much  more  effective 
in  promoting  in  vivo  lipid  peroxidation  than  dietary  deficiency 
of  either  vitamin  E  or  selenium  alone. 

Rats  fed  the  B  diet  for  6  wks  were  sacrificed  along  with  some 
control  rats  fed  the  B  +  E  +  Se  diet.  H i s t o pa t ho  1 o g y  studies  at  this 
time  point  failed  to  show  any  major  alterations  in  the  RPE  cell 
height  due  to  diet,  hyperbaric  oxygen  or  the  interaction  between 
diet  and  hyperbaric  oxygen.  The  ONL  layer  was  influenced  by  diet 
but  not  by  hyperbaric  oxygen  and  only  in  the  nasal  region  where 
there  was  a  small  decrease  in  the  ONL  thickness  of  rats  fed  the  B 
diet.  The  ONL  contains  the  nuclei  for  the  photoreceptor  cells 
and  a  decreased  ONL  layer  is  indicative  of  photoreceptor  cell 
necrosis  (li).  The  photoreceptor  cells  are  thought  to  give  rise 
to  the  a-wave  in  the  electroretinogram.  The  decreased  a-wave  ERG 


and  have  much  higher  levels  of  selenium-glutathione  peroxidase 
than  humans.  Our  results  strongly  suggest  that  nutritional 
supplementation  of  patients  with  antioxidant  nutrients  could 
diminish  the  oxygen  toxicity  problems  associated  with  hyperbaric 
oxygen  therapy  . 
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T  able  1.  Composition  of  bo  sal  diet. 


Ingredient 

g/100g 

Tourla  yeast 

36.00 

Sucrose 

43.05 

Corn  oil,  tocopherol  stripped 

14.50 

Vitamin  mix 

1 

2.20 

Mineral  mix 

Draper  2 

4.00 

L-Methionine 

0.25 

1.  The  vitamin  mixture  provided:  (in  mg/100  g  of  diet) 
ascorbic  acid,  99;  inositol,  11;  choline  chloride,  16.5; 
p-aminobenzoic  acid,  11;  niacin,  9.9;  riboflavin,  2.2; 
pyridoxine-HCl,  2.2;  thiamin  HC1,  2.2;  calcium  pantothenate, 
6.6;  biotin,  0.05;  folic  acid,  0.2;  vitamin  B-12,  0.003.  In 
addition  the  vitamin  mixture  contains:  (in  units  /100  g  of 
diet)  vitamin  A  acetate,  1980;  calciferol(D3),  220.2. 

2.  The  salt  mix  provided  (in  mg/100  g  of  diet):  CaC03 ,  654; 
CuS04 . 5H20 ,  0.72;  Ca3(P04)2,  1422;  Ferric  c i tra te . 3H20  ,  64; 
MnS04.H20,  5.5;  potassium  citrate.  H20,  946;  KI  ,  0.16; 

K2HP04,  309;  NaCl,  432;  ZnC03,  1.8;  and  MgC03,  164. 


Table  2 


Flasna  vitamin  E  levels  (mean_+SD)  in  male  Fischer-344  ra 
fed  diets  supplemented  or  deficient  in  vitamin  E  and/or 
selenium  and  with  or  without  hyperbaric  oxygen  (HBO) 
treatment. 


diet 

treatment 

vitamin  E 
ug/ml  of  plasma 

time  fed 

diets-  4  wks 

6  wks 

B 

HBO 

1 . 60+0. 04a 

0 . 7  5  +  0 . 06a 

B 

nonHBO 

2 . 0+0 .08a 

0.84+0. 11a 

B  +  E 

HBO 

5. 29+0. 50b 

5.85+0. 21b 

B  +  E 

nonHBO 

5.40  +  0. 13b 

5. 95  +  0. 33  b 

B  +  Se 

HBO 

1 .45  +  0. 07a 

1  .  15+0. 08a 

B  +  Se 

nonHBO 

1 .38  +  0. 12a 

1  .  10+0. 14a 

B+E+3e 

HBO 

5. 27  +  0. 81b 

5.90+0. 14b 

B  +  E  +  S  e 

nonHBO 

5. 27  +  0. 91b 

5. 55+1  .  77b 

A  NOVA  at  wk  4  and  vk  6  indicate  diet  (P<0.001)  as  the  on 
factor  influencing  plasma  vitamin  E  levels.  Means  with 
different  letters  are  significantly  different  (P<0.0!  by 
Duncan's  multiple  range)  at  a  given  time  point. 


Table  3 


Plasma  glutathione  peroxidase  levels  (ir.ean  +  SD)  in  male 
Fischer-344  rats  fed  diets  supplemented  or  deficient  in 
vitamin  E  and/or  selenium  and  with  or  without  hyperbaric 
oxygen  (HBO)  treatment. 


diet 

treatment 

glutathione  peroxidase 
activity,  mU/ul  of  plasma 

time  fed  diets-  4  wks 

6  wks 

B 

HBO 

3 .41+0. 59a 

1 . 71+0. 63a 

B 

nonHBO 

3.45+1 .13a 

1 .80+0. 91a 

B  +  E 

HBO 

3. 53+0. 35a 

0.93+0. 19a 

B  +  E 

nonHBO 

4 . 50+0. 81a 

0.82+0. 53a 

BrSe 

HBO 

1  1 . 38+1 .42b 

7.22+1 .60b 

B  +  Se 

nor  HBO 

7. 38+0. 96c 

7.75+1 .65b 

B  +  E+Se 

HBO 

10.45+1  .31b 

8. 17  +  1 .57b 

B+E+Se 

nonHBO 

8 . 90+1 . 65cb 

9.69+2. 75b 

Milli  enzyme  units  for  glutathione  peroxidase  activity  are  I 

nanomoles  of  NADPH  oxidized  per  mim.  ANOVA  at  wk  4  indicated 

that  diet  and  the  interaction  between  diet  and  hyperbaric 

oxygen  were  significant  (P<0.001).  At  wk  6  AN'OVA  indicated 

diet  as  the  only  significant  factor  (P<0.001).  At  any  time 

point  means  with  a  different  letter  were  significantly 

(P <0.00 I)  different  hv  Duncan's  multiple  range  test. 

' 

i 
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Table 


Height  of  retinal  pigment  epithelium  layer  (  .r.  e  a  n_+ S  P  )  for 
male  Fiscl. er-344  rats  fed  diets  supplemented  and  deficient 
in  vitamin  E  and/or  selenium  and  either  treated  (HBO)  or  not 
treated  (non HBO)  with  hyperbaric  oxygen. 


dietary  group 


RPE  cell  height  (um) 


nasal 

central 

temporal 

- test 

diets  for 

6  wk s - 

B  nonHBO 

6.63+0.52 

6.86+0.82 

5.63+0.60 

B  HBO 

6.00+1 .09 

6.15+0.95 

6.17+0.82 

B+E+Se  nonHBO 

5.76+0.20 

5.77+0.52 

6.17+0.08 

B+E+Se  HBO 

6.57+0.92 

6.52+0.68 

5.80+0.36 

-  test  diets  for 

17  wks  — 

B  +  E  nonHBO 

5.59+0.45 

5.85+0.24 

5.37+0.70 

o  +  E  HBO 

5.39+0.31 

6.05+0.63 

5.90+0.38 

B  +  Se  nonHBO 

5.20+0.37 

6.59+0.11 

6.00+0.15 

B  +  Se  HBO 

5.81+0.69 

6.28+0.63 

5.78+0.55 

B+E+Se  nonHBO 

5.63+0.50 

6.09+0.14 

5.32+0.56 

B+E+Se  HBO 

5.S8  +  0. 17 

5.32+0.26 

5.35+0.32 

A N 0 V A  indicated  that  diet  (but  not  hyperbaric  oxygen)  was  a 
significant  factor  (P  <  0.035)  at  wk  6  for  the  nasal  region 
A  NOV  A  also  indicated  that  diet  (but  not  hyperbaric  oxygen) 
was  an  important  factor  ar  vk  17  in  the  central  region. 


1  A  a  n  d  IB 


Vj 


I 


si 


1 


F  iguri's 


A  - w a  v  e  amplitudes  (base  line  voltage  to  trough  of 
electroretinogram)  for  each  dietary  group  (meanjfSEM)  after  6 
wks  (figure  IA)  or  17  wks  (Figure  IB)  of  being  fed  the  test 
diets.  The  cross-lined  means  are  the  a- waves  obtained  from 
the  hyperbaric  oxygen  treated  rats  (4  wks  HBO  for  Figure  1A 
and  15  wks  HBO  for  Figure  IB).  For  Figure  1A  and  IB  the 
means  with  different  letters  are  significantly  different  at 
P  <  0.05  and  P  <  0.01,  respectively. 
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:5  -  •«  a  v  *.■  : :  p  1  i  t  u  o  s  (fro  sn  t  r  o  i:  2  h  t  o  p  e  ak  u  I  cioctror  o  1 1  r.  o  2  r 

for  each  <iit.-t.ary  group  (mean^S EM)  after  6  vks  (Figure  2  A) 
17  vks  (Figure  2B)  of  being  fed  the  test  diets.  The 
cross-lined  means  are  the  B-waves  obtained  from  the 
hyperbaric  treated  rats  (4  vks  HBO  for  Figure  2A  and  15  v 
HBO  for  Figure  2B) .  For  Figure  2A  and  2B  the  means  with 
different  letters  are  significantly  different  at  P  <  0.05 
and  P  <  0.01,  respectively. 


5vi*iV!wiw 


Weight  uf  rats  .is  a  function  of  time  on  the  test  diets. 

Solid  symbols  indicate  rats  treated  with  hyperbaric  oxygen. 
Up  to  wk  4  rats  in  the  B ,  B  +  E ,  B  +  Se  or  B  +  E  +  Se  diet  with  (Q) 
or  without  hyperbaric  oxygen  treatment  ( Q )  had  very  similar 
weights.  At  wk  6  the  rats  fed  the  B  diet  and  treated  with 
hyperbaric  oxygen  had  a  lower  weight  (P  <  0.05)  compared 
with  the  other  d i e t- t r ea tme n t  groups.  At  wk  8  rats  fed  the 
B  +  E  diet  and  treated  with  hyperbaric  oxygen  ( J±.)  had  a  lower 
weight  compared  with  the  other  diet-treatment  groups  (P  < 


Figure  5 
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!:  1  ;;  hr  of  i  !i  e  outer  n  u  c  1  o  or  la  y  c*  r  (  X  e  a  n_^S  D  )  for  rats  f  o 

ii  l  e  t  s  deficient  o  i  supplemented  with  vitamin  E  and/or 
selenium  and  treated  (II BO)  or  not  treated  (non H BO)  with 
hyperbaric  oxygen.  Means  with  different  letters  are 
significantly  different  (  P  <  0.05). 
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Figure  6 

Liver  lipid  peroxidation  as  re.isjred  by  r.alondialdehyde 
( y.  I)  A )  content  in  rats  fed  diets  deficient  or  supplemented 
with  vitamin  E  and  /or  selenium  and  either  treated  (HBO)  or 


not  treated  (nonHBO)  with  hvperbaric  oxygen  for  4  vks. 


NoHSO  HBO 


F  i  g  u  r  e  7 


Plasma  lipid  peroxidation  as  measured  b  y  m  a  1  ond  i  a  1  d  “  h  y  d  0 
(MDA)  content  in  rats  fed  diets  supplemented  or  deficient  in 
vitamin  E  and/or  selenium  and  either  treated  (HBO)  or  not 
treated  (nonHBO)  with  hyperbaric  oxygen  for  4  wks. 
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Abstract  :  Evidential  representations  and  inference  techniques 
are  constructed  for  reasoning  in  a  hierarchical  domain. 
Propagation  of  evidential  support  requires  the  capability  of 
combining  evidence  on  each  level  of  the  hierarchy.  Probablistic 
reasoning  with  Bayesian  updating,  Dempster-Shafer  evidential 
reasoning,  inference  networks  and  endorsement  based  reasoning  are 
used  to  combine  evidence  within  a  single  hierarchical  level. 
Rules  are  constructed  to  generate  evidence  on  the  higher  level 
from  the  result  of  lower  level  inferences.  The  evidential 
structures,  interlevel  transition  techniques  and  support 
combination  functions  of  each  of  the  resulting  hierarchical 
inference  systems  are  compared. 

This  research  was  supported  by  the  Air  Force  Office  of  Scientific 
Research/AFSC  under  contract  number  F49620-85-C0013  SB5851-0360. 


1.  Introduction. 
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Classification  systems  utilize  information  acquired  by  the 
system  to  determine  the  identity  of  an  object  from  a  set  of 
possibilities.  The  information  is  interpreted  to  construct 
evidence  for  the  reasoning  component  of  the  system.  The 
resulting  evidence  may  be  incomplete,  inaccurate  or  both.  The 
representation  and  combination  of  evidence  provides  the  reasoning 
capabilities  of  the  classification  system.  This  paper  examines 
the  suitability  of  several  reasoning  techniques  for  the 
propagation  of  evidential  support  in  a  hierarchical  domain.  These 
techniques  include  probabilisitic  reasoning  with  Bayesian 
updating,  the  Dempster-Shafer  theory  of  evidential  reasoning  and 
endorsement  based  reasoning. 

A  hierarchical  domain  requires  the  capability  of  reasoning 
with  uncertain  information  on  each  level  of  the  hierarchy.  The 
result  of  the  combination  of  evidence  on  a  lower  level  must  be 
interpreted  to  provide  information  for  the  higher  level. 
To  avoid  the  combinatorial  difficulties  inherent  in  hierarchical 
propagation,  a  transfer  function  compatible  with  the  evidential 
structures  of  each  level  is  defined  to  facilitate  interlevel 
propagation  of  support. 

2.  Problem  definition. 

The  objective  of  a  classification  system  is  to  use  the 
information  acquired  to  determine  the  identity  of  an  unknown 
object.  Following  the  notation  of  Shafer  [13],  the  set 

consisting  of  all  the  possible  identifications  is  denoted  9  and 
called  the  frame  of  discernment.  The  hierarchical  relationships 
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considered  in  this  paper  will  be  defined  by  set  inclusion.  The 
hierarchy  consists  of  two  sets;  the  set  G  of  ground  elements  and 
©  of  possibilities.  The  ground  elements  are  the  basic, 
indecomposable  elements  of  the  domain.  A  member  of  0  is  a  set 
of  ground  elements,  hence  0^2.  Elements  of  0  will  be 
referred  to  as  systems  or  possibilities.  Figure  1  illustrates  a 
hierarchy  S  defined  by  set  inclusion. 

Information  is  obtained  concerning  the  identity  of  ground 
elements.  The  information  must  be  interpreted  and  represented 
in  a  manner  which  is  compatible  with  the  reasoning  techniques 


employed.  The  result  of  this  interpretation  is  referred  to  as 
ground  level  evidence.  As  additional  information  is  acquired  and 
processed,  the  evidence  must  be  combined  to  develop  an  assessment 
of  the  ground  elements  present. 

Evidence  for  ground  elements  is  used  to  generate  evidence 
for  the  identity  of  the  unknown  system.  The  transformation  of 
ground  level  evidence  to  system  level  is  an  essential  feature  of 
hierarchical  reasoning.  Even  when  no  uncertainty  exists  on  the 
ground  level,  system  level  reasoning  is  still  required. 
Determining  the  presence  of  ground  element  b  removes  only  two 
possibilities  from  the  hierarchy  in  Figure  1.  This  type  of 
system  level  uncertainty  is  referred  to  as  ambiguity  by  Sullivan 
and  Cohen  [  16  ]  . 

A  reasoning  system  can  be  described  as  having  three 
components;  an  evidential  structure,  an  evaluation  configuration 
(or  simply  a  configuration)  and  a  combining  function.  A 
configuration  consists  of  each  system  level  object  which  may 
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receive  evidential  support  and  an  assessment  of  the  total  support 
for  that  object.  It  should  be  noted  that  some  reasoning 
strategies  require  the  set  of  objects  in  a  configuration  to  be  a 
superset  of  the  frame  of  discernment. 

The  combining  function  is  used  to  pool  evidence  to  construct 
a  configuration  which  represents  an  assessment  based  on  all  the 
acquired  information.  The  input  to  the  combining  function 
consists  of  a  configuration  and  evidence,  the  result  is  a  new 
configuration. 

Sections  3  and  4  will  compare  the  suitability  of  several 
generic  inference  techniques  for  reasoning  in  a  hierarchical 
domain.  Each  system  will  be  analyzed  in  terms  of  the 
i)  expressiveness  of  the  evidential  representation 
ii)  transformation  of  ground  level  to  system  level  support 
.iii)  complexity  of  the  evaluation  configuration 
iv)  properties  and  assumptions  of  the  combining  function. 
Properties  ii)  and  iii)  present  considerations  which  are  unique 
to  hierarchical  reasoning  while  items  i)  and  iv)  represent 
topics  relevant  to  the  capabilities  of  all  inference  systems. 

3.  Evidence  with  singleton  support. 

In  this  section  the  evidence  provided  to  the  reasoning 
systems  will  be  restricted  to  supporting  or  refuting  the  presence 
of  a  single  ground  element.  This  assumption  simplifies  the 
transfer  from  ground  to  system  level  evidence  since  the  amount  of 
analysis  needed  on  the  ground  level  is  reduced.  Ground  level 
reasoning  is  not  avoided,  however,  since  the  evidential 
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structure  may  still  require  a  distribution  of  support  prior  to 


!.>• 


the  construction  of  the  system  configuration.  Due  to  the 
restricted  form  of  information,  this  section  concentrates  on 
the  generation  of  system  level  evidence  and  reasoning. 

The  hierarchy  in  Figure  1  will  be  used  in  the  examples 
throughout  this  paper.  Information  will  be  presented  concerning 
the  identity  a  system  consisting  of  three  unidentified  ground 
elements  x,  y  and  z.  There  is  no  a  priori  assumption  on  the 
number  of  ground  elements  present,  this  is  determined  as  the 
evidence  is  accumulated  and  processed.  There  is,  however,  an 
assumption  that  evidence  refering  to  the  identity  of  x  can  be 
distinguished  from  that  refering  to  y  or  z,  etc. 

The  use  of  sets  to  define  the  elements  of  0  implicitly 
imposes  the  restriction  that  no  system  will  contain  multiple 
instances  of  a  ground  element.  When  the  identity  of  one  of  the 
elements  is  determined,  this  domain  knowledge  could  be  used  to 
restrict  the  possibilities  of  the  other  elements.  This  domain 
dependent  knowledge  will  not  be  employed,  allowing  the  inference 
techniques  presented  to  be  used  for  hierarchical  domains  without 
this  restriction. 

The  information  pertaining  to  element  x,  y  and  z  will  be 
denoted  e 


e  and  e  respectively. 

y  2 


supports  with  a  50%  likelihood  the  proposition  that 


l  s 


ground  element  b 


y 


supports  with  complete  certainty  the  proposition  that  y  is 


ground  element  c 


supports  with  complete  certainty  the  preposition  that 


i  s 
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not  ground  element  a 

The  previous  statements  attempt  to  express  the  information 
content  in  a  manner  which  is  neutral  with  repect  to  the 
evidential  structures  of  the  various  reasoning  systems.  The  use 
of  the  numeric  value,  however,  is  readily  translated  to 
pj obabilistic  systems  and  may  require  reinterpretation  for 
endorsement  based  systems. 

3.1.  Probablistic  reasoning. 

A  reasoning  system  which  uses  subjective  conditional 
probabilities  as  the  evidential  structure  will  be  referred  to  as 
o  probablistic  reasoning  system.  By  subjective  probability  we 
one  in  which  the  values  assigned  are  not  necessarily  defined 
by  the  limit  of  a  relative  frequency.  These  values  may  represent 
odds,  or  an  expert  opinion,  that  the  proposition  is  true. 

The  interpretation  of  information  ex  will  determine  the 
evidential  structure  using  the  natural  interpretation  Px(b|ex), 
the  probability  that  the  ground  element  x  is  b  given  evidence  ex- 
The  definition  of  e^  results  in  assigning  the  value  .5  to  this 
cone  .tional  probability.  Similarly,  P  (c|e  )  *  1  and  P  (a|e  )  = 

y  y  te. 

0  are  the  structures  constructed  from  the  remaining  information. 

When  the  evidence  is  obtained  and  combined  with  the 
conditional  probabilities,  support  is  generated  for  ground 
elements,  not  systems.  The  transfer  of  support  from  ground 
elements  to  system  evidence  utilizes  the  "principle  of 
indifference".  This  principle  can  be  stated  as  follows:  when 
evidence  supports  a  number  of  objects,  distribute  that  support 


equally  among  each  of  the  objects.  For  example,  the  support 
associated  with  evidence  which  asserts  that  ground  element  c  is 
present  is  distributed  equally  to  each  system  which  contains  c. 
utilizing  the  principle  of  indifference,  evidence  produces  a 
probability  distribution  over  0. 

The  evidential  structure  constructed  by  the  processing  of 
will  assign  values  of  . 5  to  both  s^  and  sfi.  The  use  of 
indifference  to  transfer  support  form  the  ground  level  of  the 
hierarchy  to  the  system  level  infers  a  relationship  which  is  not 
inherent  in  the  information.  Shafer  [13],  among  others,  argues 
against  the  propriety  of  this  extra-evidential  assumption. 

The  configuration  in  a  probabilistic  system  is  simply  a 
probability  distribution  over  0.  Bayes'  theorem  is  used  to 
update  the  current  configuration  whenever  additional  evidence  is 
obtained.  Implicit  in  the  use  of  Bayes'  theorem  as  a  combining 
function  is  the  assumption  that  0  is  a  mutually  exclusive  and 
exhaustive  compilation  of  the  possibilities. 

Assume  that  the  current  configuration  has  been  consturcted 

evidence  e.  ,  e_  .  .  .  ,  e„  ,  .  When  evidence  e„  is  obtained, 
1  2  n-1  n 

Bonus'  theorem  is  used  to  construct  a  new  configuration  which 

represents  the  totality  of  the  evidence.  The  values  in  the 

current  configuration  are  referred  to  as  prior  probabilities 

since  they  represent  the  assessment  prior  to  the  acquistion  of 

the  new  evidence.  The  prior  probabilities  are  combined  with  the 

conditional  probabilities  which  represent  the  likelihood  of  the 

total  evidence  given  each  of  the  systems.  The  value  P( s, 

e  &  ...  &  e  )  which  incorporates  e  into  the  configuration  is 

1  n  '  n 
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computed  by 


P(«!  S  ...  S  en  |  si)*P(s1) 

fml  p<V*P(el  ‘  ‘  *n  1  V 

The  denominator  of  this  expression  implies  that  conditional 
probabilities  must  be  defined  of  all  combinations  of  evidence  for 
all  elements  in  the  frame  of  discernment.  Apart  from  the 
likelihood  that  such  information  is  unavailable,  this  requirement 
introduces  combinatorial  difficulties  to  the  pooling  procedure, 
ivo'ovits  and  Pauker  [15]  have  shown  that  for  a  problem  with  10 
hypotheses  and  5  queries  with  binary  output  there  are  2420 
conditional  probabilities  required  for  the  computation  of  the 
denominator  of  Bayes*  theorem. 

To  limit  the  combinatorial  difficulties  the  conditional 
independence  of  evidence  is  often  assumed.  This  assumption  can 
be  expressed  by  relationship 

P(ei  &  e^  |  s)  -  P^  |  s)*P(6j  |  s)  . 

This  assumption,  used  in  the  Prospector  system  [3],  reduces  the 
information  requirements  and  simplifies  the  computation. 
Srolovits  and  Pauker,  however,  claim  that  in  a  classification 
system  "The  assumption  of  conditional  independence  is  usually 
false".  Moreover,  Pednault  et  al.  [10]  exhibit  conditions  under 
which  this  assumption  cannot  hold. 

Besides  the  use  of  conditional  independence  and  the 
principle  of  indifference,  there  are  several  other  objections  to 
using  probabilistic  techniques  for  reasoning  with  uncertainty. 


D 


These  objections  are  not  restricted  to  probablistic  reasoning  in 
a  hierarchy,  but  refer  to  its  general  suitability  as  a  method  for 
evidential  representation  and  combination.  A  more  detailed 
exposition  of  the  problems  of  probablistic  reasoning  in 
classification  can  be  found  in  [2],  [11]  and  [13]. 

One  difficulty  is  the  lack  of  flexibility  inherent  in  the 
use  of  a  single  numeric  value  as  a  measure  of  likelihood.  It  is 
impossible  to  determine  if  the  value  assigned  to  a  possibility  is 
attributed  to  supporting  evidence  or  ignorance.  The 
interpretation  of  P(s|e)  -  .5  could  represent  either  .5  +  .01 
or  .5  +  .3.  The  single  value  .5  is  used  to  represent  two  clearly 
different  types  of  information. 

Another  objection  is  the  combination  of  supporting  and 
refuting  evidence  into  a  single  measure.  The  value  PCsIe^  &  &2) 
»  .5  can  be  obtained  by  the  combination  of  evidence  which 
supports  and  refutes  s  to  equal  degrees.  This  measure  could  also 
result  from  the  combination  of  two  pieces  of  evidence,  both  of 
which  support  s. 


3.2  Evidential  reasoning. 

The  theory  of  evidential  reasoning  (Shafer  [13])  addresses 
two  of  the  objections  to  the  probablistic  approach.  The 
generation  of  evidence  assigns  values  to  sets  rather  than  to 


elements  of  9. 


This  avoids  the  use  of  a  principle  of 


indifference  since  evidence  which  supports  several  possibilities 
need  not  be  distributed  to  the  individual  possibilities.  This 
flexibilty  is  acquired  at  the  expense  of  increasing  the 


sf 


v-.-v 
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complexity  of  the  evidential  structure  and  the  configuration. 

Evidence  supports  subsets  of  the  frame  of  discernment  and 
is  represented  by  a  basic  probability  assignment  which  is  a 
function  m  :  2  ->  [0,  1]  satisfying 

i)  m(0)  ■  0 

ii)  £  m (A)  -  1  . 

AC  2® 

m(A)  represents  the  total  support  committed  to  the  proposition 
that  the  object  is  a  member  of  A  which  cannot  be  distributed  to 
individual  members  of  A. 

The  basic  probability  assignment  generated  by  evidence  e^ 
will  be  denoted  m^.  The  transition  from  ground  to  system  level 
uses  set  inclusion  to  distribute  the  support.  mx,  generated  from 
ex,  assigns  its  support  to  the  set  which  consists  of  all  systems 
containing  b.  Since  evidence  often  provides  support  to  a  subset 
of  2  ,  only  those  sets  which  receive  support  will  be  listed 
when  defining  a  basic  probability  assignment.  Hence  mx  assigns 
the  value  .5  to  { s^ , s^ , s5 , sfi } .  Since  the  evidence  does  not  favor 
an y  other  systems,  the  remainder  of  the  support  is  assigned  to 
6.  Basic  probability  assigments  are  positive  support 
representations,  information  which  denies  a  possibility  is 
transformed  into  support  for  the  alternatives.  The 

interpretation  of  ez  generates  the  probability  assignment  which 
assigns  1  to  {s^,  s&). 

The  measure  of  support  in  an  evidential  reasoning 
environment  is  a  two  valued  system  known  as  an  evidential 
interval.  The  evidential  interval  is  defined  in  terms  of  a 


belief  function  BEL  which  is  constructed  from  a  basic  probability 
assignment  m.  BEL  is  a  function  with  domain  2®  defined  by 

BEL(A)  -  H  m(B) 

BSA 

BEL (A)  represents  the  total  support  in  m  for  all  the  members  of 

the  set  A.  PLS(A),  defined  by  1  -  BEL (A)  where  A  is  the 

complement  of  A  in  28,  is  the  plausibility  of  A.  PLS(A) 

represents  the  total  measure  of  the  evidence  in  m  which  does  not 

support  the  refutation  of  A.  The  evidential  interval,  the 

measure  by  which  the  alternatives  are  evaluated  in  a  evidential 

reasoning  system,  is  defined  as  [BEL(A) ,  PLS(A)]. 

An  evidential  reasoning  configuration  consists  of  an 

evidential  interval  for  each  subset  of  2  .  Hence  the  size  of 

a  configuration  has  increased  from  |0|  in  the  probabilistic 
0 

system  to  ) 2  | . 

Dempster's  rule  is  used  to  combine  basic  probability 
assignments  and  hence  update  configurations.  This  rule 
implicitly  assumes  the  independence  of  evidence.  Like  the 
probablisitic  system,  it  also  requires  the  frame  of  discernment 
to  be  mutually  exclusive  and  exhaustive. 

Let  m^  and  m2  be  two  basic  probability  assignments  over 

0 

2  .  A  basic  probability  assignment  m,  the  orthogonal  sum  of 
and  m2  denoted  m^  ©  m2 ,  is  defined  as  follows: 


i)  m(0)  =  0 
ii)  m (A)  =  L 


(  m1(Ai)  *  m2(B.)  )  /  (1-k) 


hLr\  Bj  =  A 
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where  k  is  the  total  support  given  to  incompatible  sets  by  and 
m2.  That  is,  k  -  Z  m^A^)  *  m2(Bj)  where  the  sura  is  taken  over 
all  sets  A^  and  Bj  such  that  A^  B^  -  0.  The  evidence  is 
inconsistent  if  the  sura  of  the  support  for  incompatible  sets 

totals  1. 

3.3.  Inference  networks. 

Inference  networks,  also  known  as  dependency  graphs,  are 
used  to  represent  hierarchical  relationships  as  a  directed  graph 
[7].  A  network  contains  two  types  of  nodes;  nodes  corresponding 
to  elements  in  the  hierarchy  and  nodes  whose  sole  purpose  is  to 
assist  in  the  propagation  of  support.  The  arcs  of  the  graph 
indicate  the  relationships  among  the  nodes  and  define  the 

propagation  rules. 

Each  node  has  a  measure  which  indicates  the  support 

accumulated  by  the  node.  These  measures  may  be  probabilities, 
evidential  intervals  or  other  representations  which  indicate 

possibility.  For  nodes  corresponding  to  elements  of  the 
hierarchy,  this  measure  represents  the  support  for  that 
particular  system. 

The  "minimal  assumption"  inference  network  of  Quinlan  [11], 
[12]  will  be  used  to  illustrate  the  propagation  of  support  in  a 
hierarchy.  The  flexibility  of  this  system  results  from  the 

variety  of  relationships  which  may  be  specified.  Each 

relationship  has  an  associated  set  of  propagation  rules. 
Evidential  indepence  and  the  mutually  exclusive  and  exhaustive 


nature  of  ©  can  be  incorporated  into  the  graph  if  desired  but, 
unlike  the  previous  two  strategies,  are  not  required. 


The  measure  of  support  in  this  system  is  an  evidential 
interval.  The  interval  for  a  node  A  is  defined  by  two  values, 
t  (A)  and  f(A).  t(A)  is  the  accumulated  support  for  A  and  f(A)  is 
the  measure  of  evidence  refuting  A.  Initially  both  t(A)  and  f(A) 
are  set  to  0.  The  propagation  of  evidence  can  increase,  but 
never  decrease,  these  values.  The  evidential  interval  is  defined 
as  [t(A),  l-f(A)].  The  evidence  indicates  an  inconsistency 

whenever  f(A)  +  t(A)  >1  for  any  node  A  in  the  graph. 

The  t  and  f  values  are  increased  as  support  is  propagated 
via  the  rules  corresponding  to  the  relationships  which  define  the 
network.  If  node  A  is  related  to  nodes  B1  and  B2  the  propagation 
rules  have  the  form 

t(A)  <-  maximum  {  t(A),  P1(t(B1),  f(B1),  t(B2),  f(B2))  } 

f (A)  <-  maximum  {  f(A),  F2(t(B1>,  f(Bx),  t(B2),  f ( B^ ) )  } 

where  and  F2  are  functions  which  are  defined  to  numerically 

represent  the  relationship  among  A,  B^  and  B2 .  Whenever  one  of 
the  values  in  a  function  on  the  righthand  side  is  changed,  that 
function  is  evaluated.  t(A)  is  then  assigned  the  maximum  of  its 
current  value  and  the  value  computed  by  F^ .  Similarly  a  new  f 

value  is  assigned  if  F2  is  greater  f(A).  Of  course,  if  A  is 

related  to  then  each  of  the  B^'s  are  related  to  A.  Hence 


relationship  also  requires  rules  with 


on  the  lefthand 


side.  The  choice  of  the  maximum  in  the  propagation  rules 
enforces  the  increasing  nature  of  support  in  the  network. 

The  flexibility  of  the  inference  network  is  illustrated  by 
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considering  the  inference  rules  corresponding  to  the  relationship 
that  the  node  A  is  the  exclusive  disjunction  of  and  B2 . 


t ( A)  <-  maximum  {  t(A),  t(B1)  +  t(B2)  } 

f(A)  <-  maximum  {  f  (A)  ,  1  -  (  1-ffB^  +  l-f(B2)  )  } 

tfB^  <-  maximum  {  t(Bi)  ,  t(A)  -  (  l-f(Bj)  )  }  where  i  f  j 

f(Bi)  <-  maximum  {  f (Bi)  ,  f(A)  +  t(Bj)  }  where  i  j 

The  t(A)  rule  indicates  that  A  receives  support  when  either  B^  or 
B2  does.  The  exclusive  nature  of  the  disjunction  is  illustrated 
by  the  rule  t(B^).  If  t(A)  ■  1  and  f(B2)  =  1,  the  disjunction 
has  been  shown  to  be  true  and  the  B2  component  false,  the  value 
t(B1)  is  assigned  1  even  though  B^  may  have  received  no  direct 
support. 

Other  relations  for  disjunction  include  disjoins-independent 
which  assumes  evidential  independence  and  disjoins  which  makes 
assumptions  on  the  relationship  between  evidence.  Similary 
conjoins  and  conjoins-independent  are  conjunction  relationships. 
A  complete  set  of  relations  and  corresponding  propagation  rules 
can  be  found  in  [11]  and  [16]. 

Since  evidence  directly  supports  ground  elements,  the 
network  must  accumulate  the  information  and  propagate  to  systems. 
Nodes  a^,  b^,  c^  and  d^  are  introduced  to  accumulate  the  evidence 
for  the  identity  of  element  i  (Figure  2).  Nodes  labelled  a,  b,  c 
and  d  represent  the  total  support  for  the  presence  of  the 
corresponding  ground  element  in  the  system.  The  disjunction  of 
support  for  the  a^'s  generates  the  total  support  for  a.  The 
interpretations  of  e.  e  and  e  will  yield  t(b  )  =  .5,  t(c  )  =  1 


and  f(a  )  ■  1,  respectively. 

2 

The  use  of  the  rule  disjoins  assures  the  evidence  referring 
to  different  elements  will  not  generate  an  inconsistency  in  the 
network.  The  f  value  of  the  system  level  node  b  will  not 
increase  unless  evidence  is  obtained  increasing  the  f  values  of 
each  of  the  b^'s.  Positive  support  is  transmitted  immediately, 
negative  only  when  it  is  present  in  each  ground  level  node. 

Using  the  variety  of  relationships,  the  inference  network 
can  be  designed  to  make  tentative  identifications  and  update  them 
as  additional  evidence  is  processed.  A  system  is  identified  when 
its  t  value  is  assigned  1.  The  processing  of  evidence  in  the 
network  in  Figure  2  will  identify  a  system  as  soon  as  the 
existence  of  each  element  in  the  system  is  established.  For 
example,  evidence  which  establishes  the  existence  of  ground 
element  a  will  identify  system  although  additional 
information  may  ultimately  determine  the  system  to  be  s2,  s3  or 


In  a  network  which  makes  tentative  identifications,  the 
determination  of  systems  is  not  mutually  exclusive.  If  t(s^)  - 
1  the  t  value  of  any  system  whose  elements  are  contained  in  s^ 
will  also  be  1.  The  inference  system  in  Figure  2  does  not  make 
the  assumption  that  9  is  exhaustive.  Evidence  establishing  the 
existence  of  ground  elements  a,  c  and  d  will  identify  systems  s^ 
and  s2  without  indicating  an  inconsistency. 

The  network  in  Figure  3  will  make  a  deterministic 


identification.  The  rule  A  conjoins  {  a,  not  b 


is  an 


abbreviation  for  the  rules  X  negates  b  and  A  conjoins  {a,  X  ). 


The  negation  is  indicated  in  Figure  3  by  placing  a  circle  in  the 
arc  which  connects  A  and  b.  If  c.  then  t(s^)  is  assigned  1 

only  if  it  has  been  established  that  all  the  elements  of  s^  are 
p/ esent  and  an  element  of  absent.  This  network  does  not 
crsume  0  to  be  exhaustive  but  identification  is  exclusive  for 
elements  of  0.  Evidence  supporting  a  set  of  ground  elements  X 
which  is  not  in  0  will  be  assigned  to  the  maximal  systems  s^ 
which  are  contained  in  X.  Support  for  a  and  b  or  a  and  c  will  be 
attributed  to  system  s^.  Similary,  evidence  which  establishes 
the  presence  of  all  the  ground  elements  will  result  in  t(s3)  = 

t(s4)  =  t(s6)  =  1. 

3.4.  Endorsement  based  reasoning. 

Cohen  [2]  introduced  endorsement  based  reasoning  systems  as 
an  alternative  to  the  numerical  systems  like  the  ones  previously 
examined.  Rather  than  representing  information  by  a  single 
number  or  a  pair  of  numbers,  evidence  is  interpreted  and 
manipulated  symbolically.  This  symbolic  representation  permits 
the  use  of  information  itself,  rather  than  a  numeric  value,  when 
combining  evidence.  Cohen  asserts  that  the  use  of  the 
information  as  in  input  to  the  combination  function  results  in 
"reasoning  about  uncertainty"  rather  than  "reasoning  with 
uncertainty" . 

Endorsements  are  represented  as  propositions  which  offer 
positive  or  negative  support  for  a  system.  Table  2  lists  a  set 
of  endorsements  for  reasoning  in  the  hierarchy  S.  The  signs  -*•  and 
-  indicate  positive  and  negative  endorsements  respectively.  When 
the  presence  of  element  a  is  established,  the  endorsement 
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The  total  support  for  a  system 


E2(a,s2)  will  be  assigned  to  s2> 
is  indicated  by  its  set  of  endorsements. 

This  representation  contains  two  types  of  endorsements; 
evidential  endorsements  which  result  directly  from  ground  element 
information  and  higher  level  endorsements.  E2 ,  E3,  E^  and  E5 
are  examples  of  the  former  type  of  endorsement.  Processing  e2 
will  generate  the  endorsements  E_(c,s,)  and  E-(c,s-). 
Endorsement  E3  is  generated  by  e1  which  offers  partial  support 
for  the  presence  of  element  b.  e3  generates  negative 
endorsements  E4(a,s5)  and  E4(a,sg). 

Eq,  E1  and  Efi  are  higher  level  endorsements.  They  are  net 
generated  by  evidence  but  rather  by  combinations  of  existing 
endorsements.  The  endorsement  EQ(s^)  is  generated  only  when  s^ 
is  endorsed  by  E1  and  the  endorsements  assigned  to  each  of  the 
other  systems  indicate  an  inconsistency. 

A  configuration  in  an  endorsement  based  system  consists  of  a 
set  of  endorsements  for  every  member  of  0.  Processing  of 
evidence  generates  endorsements  and  augments  the  existing  sets. 
The  combining  function  is  defined  by  a  set  of  rules  for 
updating  endorsements.  The  symbol  ->  is  used  to  indicate 
replacement,  the  set  of  endorsements  on  the  lefthand  side  is 
replaced  by  the  righthand  side.  The  rule  E.(s.)/  E,(s.)  -> 
E4(si)  indicates  that  when  an  inconsistency  occurs,  the 
endorsement  is  removed  from  system  s^.  Similarly,  E3 ,  E2  ->  E 
indicates  that  there  is  no  need  to  retain  an  endorsement  when  a 
stronger  one  has  been  obtained. 

The  generation  of  higher  level  endorsements  will  be 
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indicated  by  the  notation  *>.  When  the  condition  on  the  lefthand 
side  is  satisfied  the  endorsement  on  the  righthand  side  is 
generated.  Like  the  rules  in  an  inference  network,  the 
generation  rules  must  be  evaluated  whenever  a  value  on  the 
lefthand  side  is  altered. 

The  assignment  of  endorsements  makes  no  extra-evidentional 
assumptions  nor  any  assumptions  on  the  frame  of  discernment. 
Support  for  a  combination  of  ground  elements  X  which  does  not 
constitute  a  system  will  generate  positive  endorsements  for 
systems  containing  X.  Processing  evidence  which  establishes  the 
presence  of  all  four  ground  elements  will  assign  one  negative  and 
three  positive  endorsements  of  each  system  s3,  s4  and  sg. 

It  has  been  mistakenly  claimed  that  an  endorsement  based 
system  maintains  a  history  of  the  information  processed. 
Replacement  rules  provide  the  capability  of  removing  previously 
established  endorsements.  This  behaviour  was  also  exhibited  by 
the  endorsement  based  planner  described  in  [16].  In  that  system, 
combinations  of  corroborating  positive  evidence  were  used  to 
remove  negative  endorsements.  The  power  of  endorsement  based 
reasoning  is  that  it  constructs  a  nonmontonic  support  system  in 
which  each  of  the  components,  the  interpretation  of  evidence  and 
combination  rule,  is  definable  to  reflect  the  properties  of  the 
specific  domain. 


4.  Ground  level  reasoning. 


In  the  previous  section,  evidence  was  restricted  to 
supporting  or  refuting  the  presence  of  a  single  ground  element. 
With  this  restriction,  the  processing  of  ground  level  information 
was  limited  to  the  translating  it  into  a  form  compatible  with  the 
system  level  inference  rules.  Relaxing  this  restriction  allows 
evidence  to  support  a  several  ground  elements.  e1  and  e2  provide 
examples  of  this  type  of  information. 


e^^  :  supports  the  proposition  with  a  50%  likelihood  that  x  is 
either  ground  element  a  or  b 

e2  :  supports  the  proposition  with  a  50%  likelihood  that  x  is 
either  ground  element  b  or  c 

The  information  contained  in  e^^  offers  support  for  both  a  and  b. 
Neither  ex  nor  e2  provide  definitive  support  for  the  presence  of 
a  particular  element.  Combining  this  ground  level  evidence  may 
produce  better  estimate  of  the  identity  of  the  ground  element. 

Identification  in  a  hierarchical  domain  may  require  two 
levels  of  reasoning.  Evidence  may  be  combined  to  hypothesize  the 
ground  element  present.  We  will  refer  to  this  as  ground  level 
reasoning.  Hypotheses  of  the  ground  elements  are  used  to 
generate  evidence  to  be  used  in  determining  the  system.  The 
construction  of  system  level  evidence  from  ground  level 
hypotheses  will  be  referred  to  as  the  transition  or  transfer. 
After  the  transition  occurs,  the  inference  techniques  of  section 
3  can  be  used  to  pool  the  system  level  evidence. 


4.1.  Probabilistic  reasoning. 
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The  interpretation  of  evidence  in  a  probablistic  system 


results  in  the  assignment  of  value  to  elements  of  G.  The 
transition  to  the  system  level  utilized  the  principle  of 
indifference  to  distribute  the  support  for  ground  elements  to 
support  for  systems.  When  evidence  supports  several  ground 
elements,  another  application  of  indifference  can  distribute  the 
support  to  individual  elements. 

With  the  generation  of  evidence  defined  using  indifference, 
the  proposition  in  e^^  generates  the  conditional  probabilities 
Px(a|  Si)  =  .25  and  px(blex)  "  .25.  When  e^^  is  processed,  the 
resulting  ground  level  probabilities  Px(a)  ■  -25  and  Px(b)  ■  -25 

are  used  to  generate  system  level  evidence.  The  transfer  is 
implemented  as  in  section  3.1.  The  distribution  of  support  to 
ground  elements  and  then  to  systems  causes  the  interpretation  to 
generate  evidence  which  seems  to  have  litte  relation  to  the 
original  information.  For  example,  the  system  level  evidence 
generated  by  e1  includes  P(s1)  =  .0675. 

A  more  sophisticated  application  of  probablistic  reasoning 
which  combines  Bayesian  updating  with  a  network  representation 
has  been  developed  by  Pearl  '8]  [9],  A  hierarchical  inference 
network  is  constructed  which  employs  additional  relations  to 
simplify  the  computations  required  by  Bayes'  theorem.  Pearl  also 
established  that  conditional  independence  is  compatible  with  © 
being  mutually  exclusive  and  exhaustive  in  this  extended  domain. 

4.2.  Evidential  reasoning. 

Processing  evidence  which  distributes  its  support  to  a  set 
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of  ground  elements  injects  a  computational  complication  into  the 
use  of  evidential  reasoning  as  an  inference  technique.  Evidence 
for  determining  the  identity  of  a  single  ground  element 
generates  a  basic  probability  assignment  whose  domain  is  2  . 
These  basic  probability  assignments  must  be  interpreted  to 
provide  evidence  for  the  determination  of  systems.  Combining 
ground  level  evidence,  which  supports  elements  of  2  ,  with 
Dempster's  rule  requires  the  frame  of  discernment  to  consist  of 

Q 

subsets  of  2  . 

Barnett  [1]  shows  that  when  the  evidence  in  a  hierarchical 
system  supports  singleton  sets  or  their  complements  that 
Dempster's  rule  can  be  computed  in  polynomial  time.  Gordon  and 
Shortliffe  [6]  present  a  variation  of  the  combination  rule  which 
can  be  used  when  the  system  relationships  form  a  tree. 
Unfortunately,  these  restrictions  are  usually  not  satisified  in 
the  general  hierarchic  framework  and  alternative  methods  must  be 
employed  to  avoid  the  combinatorial  difficulties. 

One  possible  solution  is  to  immediately  transform  ground 
level  evidence  to  system  level  evidence,  thereby  requiring  the 
use  of  a  combining  rule  on  only  one  level.  The  evidential 
interpretations  of  e^  and  e2  generate  the  basic  probability 
assignments 

m1  =  [  (a,  b} ,  .5  ;  0,  .5  ] 

=  t  { h ,  c),  .5  »  0,  .5  ] 

respectively.  Extrapolating  the  transfer  technique  presented  in 
section  3.2  will  attribute  the  support  for  the  set  (a,  b)  to  all 
systems  which  contain  either  element  a  or  b.  Transfering  m  to 
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system  level  will  result  in  assigning  all  the  support  to  8.  The 
information  contained  in  the  ground  level  evidence  is  lost  by 
this  simple  transfer  method.  This  indicates  that  a  combination 
of  the  evidence  is  required  on  the  ground  level  prior  to  the 
transformation  to  the  system  level. 

Dempster's  rule  can  be  used  to  combine  this  information  to 
update  the  ground  level  estimate,  resulting  in  the  probability 
assignment 

9  m2  *  [  (b),  .25  ;  {a,  b},  .25  ;  (b,  c),  .25  ;  8,  .25  ]  . 
This  represents  the  ground  level  estimate  of  the  element  x. 
Similarly,  estimates  of  the  other  ground  elements  are  constructed 
from  the  combination  of  evidence. 

The  assumptions  that  8  is  exhaustive  and  mutually  exclusive 
can  be  used  to  limit  the  number  of  possibilities  which  must  be 
considered  when  transfering  evidence  from  the  ground  level. 
Employing  the  previous  transition  technique  to  m1  ®  m2  results 
in  the  system  level  probability  assignment 

[  {s^/S^jSgjSg},  .25  i  {s^,Sg,Sg},  .25  ;  8,  .5  ]  . 

Support  is  transferred  only  to  the  subsets  of  2  which  are 

systems,  limiting  the  size  of  the  resulting  probability 

0 

assignments  to  |2  |. 

When  evidence  is  acquired  pertaining  to  n  ground  elements, 
the  transfer  of  the  support  to  systems  will  generate  n  system 
level  probability  assignments.  Dempster's  rule  can  be  employed 
on  the  system  level  to  combine  this  data  to  obtain  the  system 
level  configuration.  This  process  of  directly  transfering  the 
results  of  ground  level  combinations  to  system  level  support  is 


essentially  the  technique  presented  by  Garvey  et  al.  [4]  [5]. 

A  more  flexible  transformation  which  analyzes  the  ground 
level  evidence  prior  to  the  generation  of  system  level  evidence 
is  presented  in  [15].  The  evidence  for  the  ground  elements  is 
mm.bi.ned  to  construct  propositions  concerning  the  combinations  of 
ground  elements  which  receive  support.  For  example,  assume 
®x  -  [  (a),  .5  ;  (a,c),  .5  ] 
ny  -  [  (a,d) ,  .5  ;  {d}#  .5  ] 

result  from  the  combining  the  ground  level  evidence  refering  to 

x  and  y  respectively.  Since  m  and  m  contain  information 

x  y 

concerning  different  ground  elements,  they  can  be  combined  as 
conjunctions.  The  support  for  x  being  a  and  y  being  d  combines 
to  generate  support  for  a  system  which  contains  both  a  and  d. 
Utilizing  this  observation,  probabilities  are  assigned  to  the 
sets  of  conjunctions. 

The  generation  of  system  level  evidence  can  use  the  exact 

combinations  supported  by  the  ground  level  evidence.  The  support 

for  a  conjunction  is  distributed  to  all  systems  containing  those 

elements.  Due  to  the  exha-~stiva  domain  assumption,  conjunctions 

which  are  r.ot  subsets  of  any  system  can  be  considered  to  result 

from  inaccurate  data.  Following  the  technique  of  Dempster's 

rule,  the  support  attributed  to  these  conjunct  ions  is  distributed 

to  the  remaining,  consistent  possibilities.  The  conjuctior.s 

resulting  from  the  combination  of  m  and  m  and  the  system  level 

x  y  1 

interpretation  is  gvien  beicv. 


aSj,  aid)  ->  .25 


jaia,  aid,  cia,  cidf  ->  . 2 o 


(  s  ,  s,  >  - >  .25 

£ 

I  Sj.  s3.  s..  s6  I  .25 
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{aid,  cid)  ->  .25 


{  s2,  s3,  ag  }  ->  .25 


The  intermediate  analysis  increases  the  flexibility 
available  in  the  interlevel  transition.  The  use  of  the 
conjunction  eliminates  the  need  for  the  assumption  of  at  most  one 
instance  of  a  ground  element  in  a  system.  Evidence  supporting 
both  x  and  y  being  a  generates  support  for  the  conjunction  aia. 

Utilizing  the  intermediate  step,  the  transfer  can  be  defined 
to  distribute  support  based  upon  the  domain,  the  confidence  in 
the  evidence  and  the  type  of  ientif ication  desired.  Transition 
functions  which  yield  tentative  and  deterministic  identification 
have  been  constructed  in  [15]. 


4.3.  Inference  networks. 

In  section  3.3,  networks  were  constructed  to  propagate 
system  level  information.  The  necessity  of  combining  of  ground 
level  evidence  indicates  the  need  for  another  network.  The  rules 
of  an  inference  network  provide  a  straightforward  representation 
for  the  relationships  required  for  the  combination  of  ground 
level  evidence. 

Evidence  is  assigned  directly  to  nodes  in  the  network.  The 
combination  of  evidence  and  the  transfer  of  support  from  the 
ground  level  to  the  system  level  is  accomplished  by  the 
propagation  rules  corresponding  to  the  arcs  in  the  network.  The 
network  must  contain  nodes  for  each  set  of  ground  elements  which 
may  receive  evidential  support.  In  the  worst  case,  this  would 
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require  | 2  |  nodes  in  a  ground  level  network. 


A  ground  level  network  must  be  constructed  to  identify  each 
ground  element  present.  A  single  ground  level  network  will  not 
suffice  due  to  the  possibility  of  interplay  between  evidence 
refering  to  different  elements.  The  ground  level  network  for 
determining  the  identity  of  an  element  x  must  contain  nodes 
representing  each  of  the  possibilities  (the  members  of  G)  and 
nodes  to  receive  the  evidence.  The  possible  identifications  are 
represented  by  nodes  labelled  ax,  bx,  cx  and  dx.  Figure  4  shows 
the  tentative  identification  network  constructed  in  section  3.3 
augmented  with  nodes  capable  of  processing  the  information  in  e^ 
and  .  Figure  4  contains  two  ground  level  networks,  networkx 
and  network^.,  indicating  that  evidence  has  been  obtained  refering 
to  two  distinct  ground  elements. 

The  transfer  to  support  from  the  ground  level  to  the  system 
level  occurs  whenever  any  of  the  elements  b^  ci  and  d.^ 
receive  support.  The  use  of  the  rule  disjoins  assures  the 
evidence  referring  to  different  elements  will  not  generate  an 
inconsistency  in  the  network.  The  f  value  of  the  system  level 
node  b  will  not  increase  unless  evidence  is  obtained  increasing 
the  f  values  of  each  of  the  b^'s.  Positive  support  is 
transmitted  immediately,  negative  only  when  it  is  present  in  all 
ground  level  networks. 

4.4  Endorsement  based  reasoning. 

Like  the  evidential  reasoning  and  network  approaches,  the 
use  of  endorsements  requires  a  separate  level  to  comb ine  ground 
level  data.  Endorsements  are  assigned  to  elements  of  G  as 
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information  is  received  and  interpreted.  Endorsements  of  the 
fora 

G^Ja^x),  +  x  being  a  is  moderately  supported 

G2(b,x),  +  x  being  b  is  moderately  supported 

may  be  generated  by  the  interpretation  of  e^  .  Terms  such  as 
weakly,  moderately,  strongly  or  with  certainty  can  be  used  to 
indicate  the  level  of  support.  The  use  of  numeric  ratings  can  be 
combined  with  endorsements  to  indicate  the  strength  of  the 
endorsement.  The  interpretation  of  e^  using  numeric  values  may  be 
expressed  by  the  endorsements 

G^(a,x),  +  x  being  a  i9  cosupported  with  degree  .5 

G2(b,x),  +  x  being  b  is  cosupported  with  degree  .5 

The  form  of  this  endorsement  utilizes  no  extra-evidential 
assumption  to  distribute  the  support  to  the  ground  elements. 

Replacement  and  generation  rules  must  be  constructed  to 
combine  the  ground  level  endorsements.  If  numerical  values  are 
included  in  the  endorsements,  these  can  be  used  in  the  definition 
of  the  rules.  Following  the  propagation  techniques  of  the 
inference  network,  a  rule  combining  endorsements 

G^(a,x),  +  x  being  a  is  supported  with  degree  n 

Gj(a,x),  +  x  being  a  is  supported  with  degree  m 

may  be  defined  by 

G.(a,x),  Gj(a,x)  =>  G^a.x),  +  x  being  a  is  supported  with 

degree  max (  n ,  m  } . 

Assumptions  concerning  the  distribution  of  support  or  indepence 
of  evidence  can  be  incorporated  into  these  combining  rules. 

The  use  of  the  numeric  values  in  endorsements  does  not  limit 
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the  propagation  rules  to  manipulating  the  values.  A  generation 
rule  may  utilize  the  endorsements,  both  positive  and  negative, 
assigned  to  all  the  ground  level  elements. 

The  difficulties  presented  by  the  transition  to  system  level 
endorsements  are  the  same  whether  support  is  indicated  by  the  use 
of  a  numeric  scale  or  terms  like  weakly,  moderately  and  strongly. 
At  what  point  does  support  for  x  being  the  element  a  generate  the 
system  level  endorsement 


E3 (a»  3j ) 


a,  whose  presence  is  supported,  is  in  ? 


A  rule  which  generates  system  level  endorsements  directly  from 
the  ground  level  endorsement  will  result  in  endorsements 
containing  minimal  information.  It  would  be  advantageous  to 
generate  fewer,  more  meaningful  system  endorsements.  This 
requires  the  construction  of  endorsement  generating  rules  whose 
conditions  depend  upon  the  strength  of  the  ground  level 
endrosement . 

The  transition  of  support  can  be  accomplished  by  assigning 
a  ground  level  endorsement  to  every  system  level  endorsement 
which  is  generated  directly  by  evidence.  For  example, 

Gk^a,x^'  +  x  ^eing  a  is  supported  with  degree  m 
corresponds  to  the  system  level  endorsement 


E  ^  ^  »  s  j  ) 


a,  whose  presence  is  supported,  is  in 


Whenever  the  ground  level  support  for  a  reaches  the  predefined 
threshold  m,  the  system  level  endorsement  is  generated.  The 
correspondence  between  ground  level  and  system  level  endorsements 
allows  the  evidence  to  be  combined  on  the  ground  level  where  the 
endorsements  and  rules  are  specifically  designed  for  that  purpose 
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Endorsements 


Interpretation 


E0(3j),  + 

only  consistent  possibility 

E1(®j)'  + 

is  consistent  with  data 

E2(X,Sj),  + 

x,  whose  presence  is  established. 
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ABSTRACT 


Protective  military  structures  are  typically  constructed  of  massive, 
monolithic  reinforced  concrete  slabs.  This  practice  is  considered  neces¬ 
sary  in  order  to  protect  personnel  and/or  vital  equipment  within  the 
structure  from  the  harmful  effects  of  conventional  weaponry.  Recent 
studies  have  indicated,  however,  that  "layered  structures"  may  provide  a 
viable  alternative  to  conventionally  hardened  structures  in  certain 
envi ronments . 

This  report  presents  the  results  of  a  preliminary  finite  element 
method  (FEM)  analysis  of  blast  loading  on  layered  structures.  Both  two- 
dimensional,  linear  and  nonlinear,  and  three-dimensional,  linear  analyses 
were  conducted  on  three  different  types  of  layered  structures.  The  results 
indicate  that  layered  structures  show  good  promise  as  a  viable  alternative 
to  conventional  designs  of  hardened  or  semi -hardened  facilities. 

However,  due  to  the  limited  scope  of  this  study,  further,  more  compre¬ 
hensive  numerical  analyses  are  recommended.  Subsequent  experimental  test¬ 
ing  of  some  of  the  most  promising  layered  structures  is  also  recommended. 


Chapter  1 


INTRODUCTION 
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1 . I  Background 

Protective  military  structures  are  designed  to  house  vital  functions 
or  equipment  of  extreme  value.  Consequently,  survivability  takes  prece¬ 
dence  over  appearance  and  the  structures  are  usually  massive,  with  soil  and 
concrete  as  the  main  building  materials.  Damage  to  protective  shelters  re¬ 
sulting  from  non-nuclear  weapons  occurs  as  a  result  of  one  or  more  of  the 
following  effects:  penetration,  fragmentation,  and  blast  [1,2].  Penetra¬ 
tion  is  a  consideration  only  in  the  case  of  a  direct  hit,  and  fragmentation 
in  cases  of  direct  hits  or  near  misses. 

The  conventional  design  of  an  underground  (Fig.  la)  or  aboveground 
(Fig.  lb)  structure  against  a  direct  hit  from  an  artillery  shell  or  air 
bomb  consists  of  providing  protective  layers  above  the  structure  [3],  A 
penetration  layer  (burster  layer),  usually  constructed  of  concrete  or  rock, 
is  employed  at  the  outer  surface  to  impede  penetration  of  the  weapon  and 
induce  its  explosion.  An  absorption  layer,  existing  between  the  penetra¬ 
tion  layer  and  the  protective  shelter,  usually  consists  of  soil  and  is  in- 
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tended  to  absorb  the  energy  released  by  the  weapon's  explosion.  The  con¬ 
ventional  design  of  an  underground  (Fig.  2a)  or  aboveground  (Fig.  2b) 
structure  against  a  near  miss  of  an  airbomb  or  artillery  shell  consists 
simply  of  a  hardened  structure  with  monolithic  walls  and  roof. 

The  conventional  design  of  an  above-ground  structure  against  a  direct 
hit  of  a  shaped-charge  projectile  consists  of  one  of  the  following  solution 
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schemes:  (1)  the  provision  of  a  thick  monolithic  structure  capable  of 
absorbing  fully  the  jet  effects  (fig.  3a),  or  (2)  the  provision  of  an 
"activator"  element  at  a  certain  distance  in  front  of  the  monolithic  struc¬ 
ture  (Fig.  3b),  intended  to  induce  explosion  of  the  projectile. 

In  each  of  the  conventional  designs  discussed  in  the  foregoing,  the 
primary  protective  structure  is  invariably  constructed  of  massive,  mono¬ 
lithic  concrete  slabs.  This  practice  is  considered  necessary  in  order  to 
protect  the  personnel  and/or  equipment  within  the  structure  from  the  harm¬ 
ful  effects  of  overpressure  and  interior  spalling  of  the  concrete  walls. 
Recent  studies  [3,4]  however,  have  indicated  that,  in  certain  situations, 
"layered  structures"  may  provide  a  viable  alternative  to  conventionally 
hardened  structures. 

1 .2  Objectives 

The  use  of  layered  structures  in  the  building  industry  of  the  civilian 
sector  is  well  established  [5, 6, 7, 8].  However,  applications  of  layered 
structures  for  protective  military  shelters  have  received  little  attention. 
This  report  presents  the  results  of  a  preliminary  numerical  investigation 
to  evaluate  the  effectiveness  of  layered  structures  to  resist  the  blast 
effects  of  conventional  weaponry.  The  primary  objective  is  to  ascertain 
the  capability  of  layered  structures  to  substantially  reduce  or  eliminate 
the  incidence  of  spalling  on  the  interior  of  the  concrete  shelter  walls  by 
diminishing  the  intensity  of  the  blast-induced,  compression  stress  wave 
which  propagates  through  the  wall. 

A  comprehensive  numerical  analysis  was  conducted  on  several  different 
types  of  layered  structures  subject  to  blast  loading  in  order  to  understand 
and  evaluate  the  propagation  of  the  blast  wave  through  the  various  layers 


a)  Single  monolithic  structure 


acti  vator 


Fig.  3,  Conventional  designs  against  direct  hits 
of  shaped-charge  projectiles. 


of  the  structure,  and  to  determine  the  states  of  stress  which  develop  in 
each  layer.  The  results  of  this  preliminary  analysis  indicate  that  layered 
structures,  under  certain  circumstances,  have  the  potential  to  be  an  ade¬ 
quate,  cost-effective  alternative  to  conventional  hardened  structures. 

1 . 3  Scope  of  Study 

Three  different  types  of  layered  structures  were  examined.  Details 
of  the  layered  structures  considered  are  depicted  in  Fig.  4.  A  brief 
description  of  each  layered  structure  is  presented  in  the  following  sub¬ 
sections  . 


1.3.1  Type  I:  Concrete-Air-Concrete 
A  typical  detail  of  the  Type  I  layered  system  is  presented  in  Fig.  4a. 
The  outer  reinforced  concrete  layer  is  intended  to  fully  or  partially  with¬ 
stand  the  blast  effects.  The  air  gap  is  intended  to  prevent  direct  shock 
transfer  to  the  inner  reinforced  concrete  layer.  The  inner  reinforced  con¬ 
crete  layer  will  withstand  the  remaining  blast  effects  passing  through  the 
outer  layer  and  absorb  all  secondary  concrete  fragments  of  the  outer  layer. 

1.3.2  Type  II:  Concrete-Polystyrene-Concrete 
A  typical  detail  of  the  Type  II  layered  system  is  presented  in  Fig.  4b. 
The  outer  concrete  layer  will  partially  withstand  the  blast  effects.  The 
polystyrene  layer  will  partially  absorb  the  shock  transferred  from  the  outer 
layer.  The  inner  concrete  layer  will  withstand  the  remaining  shock  effects 
transferred  through  the  polystyrene  and  stop  the  secondary  concrete  fragments 
of  the  outer  layer. 
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1.3.3  Type  III:  Concrete-Soi 1 -Concrete 
A  typical  detail  of  the  type  III  layered  system  is  presented  in  Fig.  4c 
The  outer  concrete  layer  will  partially  withstand  the  blast  effects.  The 
soil  will  stop  the  secondary  concrete  fragments  of  the  outer  layer  and 
partially  absorb  the  shock  transferred  from  the  outer  layer.  The  inner  con¬ 
crete  layer  will  withstand  the  remaining  shock  effects  transferred  through 
the  soi 1  fill. 

Due  to  the  dynamic  nature  of  the  blast  loading,  and  the  highly  non¬ 
linear  behavior  of  the  materials  used  in  the  layered  structures,  the  finite 
element  method  of  analysis  (FEM)  was  employed  in  this  study  through  imple¬ 
mentation  of  the  ADINA  computer  programs.  Two  sets  of  analyses  were  con¬ 
ducted.  The  first  series  of  analyses  were  performed  on  an  axisymmetric 
structure  comprised  of  8-node  isoparametric  finite  elements.  The  second 
series  of  analyses  were  conducted  on  a  three-dimensional  model  comprised 
of  20-node  isoparametric  finite  elements. 
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Spalling  is  defined  [9]  as  fracturing  caused  when  a  high  intensity 
transient  stress  wave  reflects  from  a  free  surface.  In  the  specific  case 
of  a  blast,  the  compressive  longitudinal  wave  strikes  the  exterior  surface 
of  the  wall  and  is  transmitted  through  the  wall  until  it  reaches  a  free 
surface  (the  interior  face  of  the  wall).  At  this  instant,  continuity  of 
stress  and  continuity  of  particle  velocity  will  be  preserved  only  if  the 
wave  is  reflected  as  a  tensile  longitudinal  wave  of  equal  strength.  It  is 
this  reflected  tensile  wave  which  causes  the  concrete  to  spall  at  the  in¬ 
terior  face.  Current  procedures  to  minimize  spalling  in  protective  shelters 
include  [10]:  (1)  the  construction  of  earth  berms  on  the  exterior  face  of 

the  shelter  walls  (Fig.  5a),  (2)  the  installation  of  steel  spall  plates  on 
the  interior  face  of  the  shelter  walls  (Fig.  5b),  and  (3)  increase  the  total 
wall  thickness  (Fig.  5c).  All  three  methods  exhibit  some  degree  of  effec¬ 
tiveness  in  reducing  or  eliminating  spalling  of  the  interior  wall,  with 
earth  berms  being  the  most  effective,  and  increasing  the  wall  thickness 
being  the  least  effective.  The  results  of  this  study  will  show  layered 
structures  to  be  a  viable  alternative  to  the  above-mentioned  practices  for 
reducing  and/or  eliminating  spalling  in  protective  shelters. 

When  a  plane  elastic  wave  strikes  a  plane  interface  between  two  dis¬ 
similar  materials  (as  would  be  the  case  in  a  layered  structure),  the  inter¬ 
action  is  regulated  by  the  following  boundary  condition  [11,12]: 
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Current  spall  protection  methods  used  for  protective  shelters. 


where  and  ( )  -j  are  the  instantaneous  values  of  stress  for  the  in¬ 
cident  and  reflected  wave  in  medium  one,  respectively,  and  1  s  the 

instantaneous  value  of  stress  for  the  transmitted  wave  in  medium  two.  The 
fundamental  equations  governing  the  portioning  of  stress  at  an  abrupt 
change  in  media  are  given  by  [13]: 

( '7)2  “  [ 2 ^ 2C 2 ^ ^ ~2C2  +  ^i ci )  1  ( '3 1 ) i  (2-2) 


and 


(•r)t  =  2c2  '  -  ■]c]  )/(:<2c2  +  c  l c  1 


(2-3) 


where  .  and  c  are  the  mass  density  of  the  material  and  velocity  of  propaqa 
tion  of  the  wave,  respectively;  the  subscripts  1  and  2  denote  the  two  dif¬ 
ferent  mediums.  From  Eqs .  (2-2)  and  (2-3),  the  ratio  of  transmitted  to  re 
fleeted  stress  is  given  by: 


(  'T)2/(  ’r-1]  =  2.  2C2/ ( •  2C2  ’  "  1C1 


2-4) 


A  number  of  important  conclusions  can  be  drawn  from  Eqs. 
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and  (2-4).  When  the  two  products  ,  -jC^  and  ■  2C2  dre  eQua^'  the  rat10  'R' 


is  zero,  and  there  is  no  reflected  wave.  The  incident  wave  is 
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at  full  intensity  such  as  when  the  material  is  identical  on  both  sides 


the  boundary.  When  .  ^  •  .^c^  the  ratio  'R/'j  is  positive;  implying  t”?t 
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is  originally  a  compressive  wave,  the  reflected  wave  will  also 


compressive.  When  compressive  waves  will  be  reflected,  is 


tension  waves,  and  vice  versa.  When 
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free  surface,  (a^)j  =  -(aj)-j,  a  comPressi ve  wave  1S  reflected  at  full 
stress  level  as  a  tension  wave,  and  vice  versa.  The  transmitted  stress 
(Eq.  (2))  will  always  have  the  same  sign  as  the  incident  stress,  compres¬ 
sion  resulting  in  compression  and  tension  in  tension.  For  p,Ci  <  s^c-, 
is  tension  ay  <  for  p^c^  <  ?2C2’  °R  compression  and  -y  >  jj. 


2.2  Blast  Loading 

In  general,  an  explosion  is  the  result  of  a  very  rapid  release  of  large 
amounts  of  energy  within  a  limited  space  [1,14,15].  When  an  explosion  takes 
place,  the  expansion  of  the  hot  gasses  produces  a  pressure  wave  in  the  sur¬ 
rounding  air  (as  illustrated  by  Fig.  6a).  As  this  wave  moves  away  from  the 
center  of  the  explosion,  the  inner  part  moves  through  the  region  that  was 
previously  compressed  and  is  now  heated  by  the  leading  part  of  the  wave. 

As  the  pressure  wave  moves  with  the  velocity  of  sound,  the  temperature  and 
pressure  of  the  air  cause  this  velocity  to  increase.  The  inner  part  of  the 
wave  starts  to  move  faster  and  gradually  overtakes  the  leading  part  of  the 
wave.  After  a  short  period  of  time  the  pressure  wavefront  becomes  abrupt, 
tnus  forming  a  shock  front  somewhat  similar  to  the  one  illustrated  in 
Fig.  6b.  : he  maximum  overpressure  occurs  at  the  shock  front  and  is  called 

tne  peak  overpressure .  Behind  the  shock  front,  the  overpressure  drops 
/ery  rapidly  to  about  one-half  the  peak  overpressure  and  remains  a’most 
uniform  in  tne  central  region  of  the  explosiun. 

As  the  expansion  proceeds,  the  overpressure  in  the  shock  ^'rent  de- 
.reases  steadily,  tne  pressure  behind  the  f-';nt  dees  nor  r»"ain  snst.i^r 
:..jt ,  instead,  falls  Of*  in  a  regular  manner.  A‘*-pr  shert  r  ■  ’  e .  it  t  - 

tiin  distance  from  the  center  of  the  e«pl  o  ’  on ,  tne  i  •  ess  jre  ben  •  r,g  ♦«,» 
rop  ♦"'•ont  becomes  s.mal  !»*r  than  that  a*  "he  ;r  :  . ni.v  .n  : 
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with  distance  from  center  of  explosion  at  various  tmes 


the  so-called  negative  phase,  or  suction,  develops.  The  front  of  the 
blast  wave  weakens  as  it  progresses  outward,  and  its  velocity  drops 
toward  the  velocity  of  sound  in  the  undisturbed  atmosphere.  This  sequence 
of  events  is  shown  in  Fig.  6c.  The  overpressures  at  times  t ^  ■  ■■,  tg 

are  indicated.  In  the  curves  marked  t^  through  tg,  the  pressure  in  the 
blast  wave  has  not  fallen  below  that  of  the  atmosphere.  In  the  curve  marked 
tg,  at  some  distance  behind  the  shock  front,  the  overpressure  becomes 
negati ve . 

The  time  variation  of  the  same  blast  wave  at  a  given  distance  from 

the  explosion  is  shown  in  Fig.  7.  The  shock  front  arrives  at  time  t^  and, 

after  the  rise  to  the  peak  value,  the  incident  pressure  (P$  )  decays  to 

the  ambient  (P„)  value  in  the  time  t  +  which  is  the  positive  phase  duration, 
a  o 

This  is  followed  by  a  negative  phase  with  a  duration  tQ~  longer  than  the 
positive  phase  and  characterized  by  a  pressure  below  the  preshot  ambient 
pressure  and  a  reversal  of  the  particle  flow  [1],  (The  negative  phase  is 
usually  less  important  in  a  design  than  the  positive  phase  and  is  generally 
neglected. ) 

If  the  shock  wave  impinges  on  a  rigid  surface  oriented  at  an  angle  to 
the  direction  of  propagation  of  the  wave,  a  reflected  pressure  (P  )  is  in¬ 
stantly  developed  on  the  surface,  and  the  pressure  is  raised  to  a  value  in 
excess  of  the  incident  pressure.  The  reflected  pressure  is  a  function  of 
t"e  pressure  in  the  incident  wave  and  the  angle  formed  between  the  rigid 
Surface  and  the  plane  of  the  shock  front.  A  typical  refl ected-pressure 
time  history  is  illustrated  in  Fig.  8 

The  dynamic  blast  loadings  used  in  the  present  study  are  the  actual 
pressures  measured  in  a  series  of  tests  conducted  on  one-half  scale,  rein¬ 
forced  concrete  box  structures  [16],  Each  box  was  designed  to  model  the 
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wall,  roof,  and  floor  sections  of  a  large,  single-story,  above-ground 
building.  A  scaled,  cased  charge  simulating  the  given  weapon  threat  was 
detonated  on  the  ground  surface  at  the  scaled  criteria  standoff  from  each 
of  the  test  walls.  The  walls  tested  were  32  cm.  thick.  A  schematic  of 
the  test  structures  is  illustrated  in  Fig.  9. 

Recordings  of  incident  blast  pressure  vs.  time  were  made  at  a  position 
on  the  ground  opposite  the  test  wall  at  a  distance  from  the  charge  equal 
to  the  charge  standoff  from  the  wall.  A  typical  incident  pressure  trace 
is  shown  in  Fig.  10a,  where  t^  indicates  the  arrival  time,  t  is  the  rise 
time,  and  t^  is  the  time  of  positive  duration.  Similar  recordings  were 
made  for  the  reflected  dynamic  pressures  acting  on  the  wall  of  the  test 
structures . 

In  the  present  study  the  blast  loads  were  represented  with  a  simple 
triangular  pulse  illustrated  in  Fig.  10b.  Two  load  cases  were  considered 
in  the  first  series  of  analyses  (two-dimensional  FEM  analysis):  (a)  load 
case  1  represents  the  incident  blast  pressure  acting  on  the  wall  (PQ  = 

5.62  MP  ) ;  (b)  load  case  2  represents  the  reflected  dynamic  wail  pressure 

a 

acting  on  the  wall  (P  =  48.3  MP  ) .  In  either  case  the  duration  of  the 
3  o  a 

load  was  0.85  msec.  In  the  second  series  of  analyses  (three-dimensional 
,  analysis),  only  load  case  2  (P  =  48.3  MPa)  was  considered. 

2 . 3  Two-Dimensional  FEM  Analysis 

Due  to  the  dynamic  nature  of  the  blast  loading,  and  the  highly  non- 

’-I 

linear  behavior  of  the  materials  used  in  the  layered  structures,  the  finite 
element  method  of  analysis  (FEM)  was  employed  in  this  study  through  imple¬ 
mentation  of  the  ADINA  [17]  computer  programs.  The  analyses  were  conducted 
on  an  axisymnietric  model  comprised  of  two-dimensional,  solid,  8-node 
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Schematic  of  test  structure  [16]. 


isoparametric  finite  elements  [18].  (For  modeling  the  air  layer  in  the 
Type  I  structure,  two-dimensional  fluid  elements  were  used.) 

The  FEM  model  used  in  the  present  study  was  constructed  to  resemble 
as  closely  as  possible  (by  an  axisymmetric  model)  the  walls  tested  in 
Ref.  [16].  The  benchmark  case  is  a  solid  concrete  wall  32  cm.  thick,  and 
having  a  diameter  of  2.3  m.  (This  benchmark  case  will  heretofore  be 
referred  to  as  the  Prototype.) 

For  each  layered  structure  (Type  I,  Type  II,  and  Type  III),  two 
separate  models  were  considered.  Each  model  consisted  of  an  outer  layer 
(layer  1)  and  an  inner  layer  (layer  3)  of  concrete  having  a  thickness  of 
16  cm.  The  thickness  of  the  middle  layer,  or  absorption  layer  (layer  2), 
was  16  cm.  for  the  "A"  series  of  analyses,  and  8  cm.  for  the  "B"  series  of 
analyses.  A  typical  axisymmetric  FEM  model  mesh  is  presented  in  Fig.  11. 

Both  a  linear  and  a  nonlinear  material  representation  of  the  absorp¬ 
tion  layer  (layer  2)  were  considered  for  the  Type  III  structure.  A  linear 
material  law  was  utilized  in  the  concrete  layers  (layer  1  and  layer  3)  for 
all  structures.  The  physical  properties  for  the  linear  material  models  are 
summarized  in  Table  1.  For  the  nonlinear  material  representation  of  the 
absorption  layers  in  the  Type  III  structure,  a  linear  elastic  perfectly- 
plastic  constitutive  law  was  employed.  In  conjunction  with  this  material 
model  a  Drucker-Prager  [19,20]  yield  function  with  tension  cut-off  and 
hardening  cap  was  specified.  The  pertinent  parameters  for  the  nonlinear 
material  model  are  summarized  in  Table  2. 

2.4  Three-Dimensional  FEM  Analysis 

For  this  phase  of  the  study,  a  three-dimensional  FEM  model  was  con¬ 
structed  to  represent  a  one-quarter  section  of  the  structural  walls  tested 


Table  1,  Physical  properties  for  linear  material  model 


Material  Parameters  Concrete  Sand  Polystyrene 


Mass  density 
(kg/cm3) 

2.32  x  10'3 

1.76  x  10'3 

80.0  x  10'6  1.225  x  10 

Young's  Modulus 
(NPa) 

29600 

690.0 

«.9  - 

Poisson's  ratio 

0.18 

0.25 

0.15  - 

Bulk  modulus 
(kg/ cm^) 

-  7.05  x  10" 

Material  Parameters 


Sand  (Drucker-Prager) 


Young's  modulus  (MP  ) 

690. 

0 

Poisson's  ratio 

0. 

25 

Yield  function  parameter,  a 

0. 

05 

Yield  function  parameter,  k (MP  ) 

d 

0. 

69 

Cap  hardening  parameter,  w 

-0. 

066 

Cap  hardening  parameter,  D(MP  )""* 

d 

-0. 

1131 

Tension  cut-off  limit  (MP  ) 

3 

0. 

069 

Initial  cap  position  (MP,) 

3 

0. 

0 

w 


in  the  experimental  study  reported  in  Ref.  [9],  The  FEM  model  was  com¬ 
prised  entirely  of  three-dimensional,  20  node,  isoparametric  finite  ele¬ 
ments.  An  isometric  view  of  the  FEM  model  is  depicted  in  Fig.  12,  and  a 
plan  view  is  shown  in  Fig.  13. 

Each  FEM  model  representing  the  layered  structures  (Type  II  and  Type 
III  only)  consisted  of  an  outer  layer  (layer  1)  and  an  inner  layer  (layer  3) 
of  concrete  having  a  thickness  of  16  cm.  The  thickness  of  the  middle  ab¬ 
sorption  layer  (layer  2)  was  8  cm.  A  typical  cross-section  of  the  FEM  mesh 
is  presented  in  Fig.  14.  The  material  properties  used  for  the  FEM  models 
are  summarized  in  Table  1.  Linear  elastic  constitutive  relations  were 
assumed  for  all  materials. 

In  this  series  of  analyses,  the  blast  loading  was  also  delineated  by 
a  simple  triangular  pulse  (Fig.  10b).  The  magnitude  of  the  load  was  set 
equal  to  the  recorded  reflected  dynamic  wall  pressure  (P„  =  48.3  MP  ) . 

The  duration  of  the  load,  t^,  was  0.85  msec. 
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Chapter  3 

NUMERICAL  ANALYSES 
3.1  Wave  Propagation  Analysis 

As  was  mentioned  in  Chapter  1,  the  primary  objective  of  this  study  is 
to  investigate  the  effectiveness  of  layered  structures  to  minimize  the 
intensity  of  blast-induced,  compression  stress  wave  propagation.  To  this 
end,  a  FEM  parametric  study  was  conducted  in  which  the  compression  stress 
wave  propagations  through  three  different  types  of  layered  structures 
(Fig.  4)  are  compared  to  the  compression  stress  wave  propagation  through 
a  monolithic  structure. 

The  major  difference  between  a  wave  propagation  problem  and  a  struc¬ 
tural  dynamics  problem  is  that  in  a  wave  propagation  problem,  a  large 
number  of  frequencies  are  excited  in  the  system,  whereas  in  a  structural 
dynamics  problem  only  the  lowest  few  modes  (or  only  a  few  intermediate 
modes)  are  generally  excited  [21].  Therefore,  in  analyzing  wave  croca  - 
tion  problems,  direct  numerical  integration  procedures  are  prefe'' -r '  •  * 
modal  analyses. 

Dynamic  integration  operators  are  broadly  classics 
explicit.  Explicit  schemes  obtain  values  for  lyr  •.  '  • 

based  entirely  on  available  results  at  ti~e  *•  . 
on  the  time  step  size  in  order  to  "-a  ’  r  t  a  ;  r  • 
schemes  remove  the  upper  bound  on 
quantities  at  time  t  +  f  f  i  ■ 
quantities  at  t  •  ■ * 


Explicit  methods,  such  as  the  central  difference  method,  have  been 
used  successfully  in  the  past  [22]  for  wave  propagation  problems.  However, 
the  method  does  have  several  significant  shortcomings.  Firstly,  the  method 
is  only  conditionally  stable;  for  stability,  the  time  step  size  it  must  be 
smaller  than  a  critical  time  step,  At  ,  which  is  equal  to  jt_,  where  Tn  is 

TT 

the  smallest  period  in  the  finite  element  system.  Moreover,  the  most 

accurate  solution  is  obtained  by  integrating  with  a  time  step  equal  to  the 

stability  limit  and  the  solution  is  less  accurate  when  a  smaller  time  step 

is  employed  [21].  Secondly,  the  explicit  central  difference  method  is 

effective  only  when  the  mass  matrix  is  diagonal  [21],  therefore,  all  degrees 

of  freedom  in  the  model  must  be  mass  degrees  of  freedom.  If  one  of  the 

diagonal  elements  in  the  mass  matrix  is  zero,  then  T  =0  and  At  =  0,  and 

n  cr 

the  central  difference  method  cannot  be  used. 

In  the  present  study,  the  mass  density  of  the  materials  comprising 
the  absorption  layers  in  the  Type  I  and  Type  II  structures  are  very  small, 
which  results  in  zero  or  near  zero  terms  in  the  diagonal  mass  matrices. 
Therefore,  the  Newmark  method  of  implicit  time  integration  was  used  with 
a  consistent  mass  formulation.  The  Newmark  method  is  unconditionally 
stable,  therefore,  time  step  considerations  were  based  entirely  upon  wave 
velocity  and  discretization.  The  time  step  criterion  for  wave  propagation 
is  given  by  [21]: 


where  L0  is  the  distance  between  element  integration  points  in  the  direction 
in  which  the  wave  is  traveling,  and  c  is  the  wave  speed.  In  the  present 
study.  At  is  taken  as  lus. 


3.2  Solution  Strategy  for  Nonlinear  Analyses 

Because  of  the  complexity  of  the  material  descriptions  used  for  the 
sand  and  polystyrene  in  the  two-dimensional  FEM  analyses,  an  appropriate 
strategy  for  solving  the  nonlinear  finite  element  equations  must  be  employed. 
For  the  present  study,  the  Newton-Raphson  iteration  scheme  was  implemented. 

In  the  Newton-Raphson  formulation,  the  equilibrium  conditions  at  time  t  +  it 
are  satisfied  by  successive  approximations  of  the  form  (Ref.  16): 

[K]1'1  {aU}1  =  {R}  -  {F}1-1  (3-2) 

in  which  [K]i_^  is  the  tangent  stiffness  matrix  at  the  iteration  i-1  and 
i  th 

time  t  +  At;  { aU }  is  the  itn  correction  to  the  current  displacement  vector; 
{F}^  is  the  force  vector  that  corresponds  to  the  current  element  stresses. 
The  displacement  increment  correction  is  used  to  obtain  the  next  displace¬ 
ment  approximation : 

{U}1  =  {U}1"1  +  {aU}1  (3-3) 

Equations  (3-2)  and  (3-3)  constitute  the  Newton-Raphson  solution  of  the 
equilibrium  equations.  The  iteration  continues  until  appropriate  convergence 
criteria  are  satisfied. 

In  nonlinear  dynamic  analysis,  the  solution  of  the  governing  differen¬ 
tial  equations  is  obtained  by  direct  integration  procedures.  Of  utmost  con¬ 
cern  in  the  selection  of  an  appropriate  time  integration  scheme  is  the 
stability  of  the  solution  technique  and  accuracy  of  the  analysis.  In  the 
present  study,  the  Newmark-Beta  method  of  time  integration  was  employed 
because  it  is  unconditionally  stable,  regardless  of  the  time  step. 


The  dynamic  equlibrium  equations  for  the  structure  are  written  as: 


[M]{ii(t)}  +  CC]{0(t) }  +  [K]{U(t) }  =  { R ( t ) }  (3-4) 

where  [M] ,  [C] ,  [K]  are  the  mass,  damping,  and  stiffness  matrices,  re¬ 
spectively;  {R}  is  the  external  load  vector;  and  (U } ,  {0},  and  {U}  are 
the  displacement,  velocity,  and  acceleration  vectors  of  the  finite  element 
assemblage.  In  an  implicit  time  integration  scheme,  equilibrium  of  the 
system  [Eq.  (3-4))  is  considered  at  time  t  +  At  to  obtain  the  solution  at 
time  t  +  At.  In  nonlinear  analysis,  this  requires  that  an  iteration  be 
performed.  Using  the  Newton-Raphson  iteration,  the  governing  equilibrium 
equations  (neglecting  the  effects  of  a  damping  matrix)  are: 

[M]t+At{U}1  +  t[K]{AU}1  =  t+At{R}  -  t+At{F}1-1  (3-5) 

t+At{(J}i  s  t+At{(J}i-l  +  {iiU}i  (3-6) 


In  the  Newmark-Beta  integration  scheme,  the  following  assumptions  are  em¬ 
ployed: 


‘♦“‘••u;  ■  '  u; 


Using  the  relations 


t+:t i  ,  4 


+  ^  (tfU)  +  t+AtfU}) 

+  (tiU>  +  t+AtfU}) 

in  Eqs.  (3-5),  (3-6), 
t+At  ,,  i-1  t  M1  , 


(3-7),  and  (3-8) 

..In  4  t  - , 


(3-7) 

(3-8) 

results  in: 


V. 


and  substituting  Eq.  (3-9)  into  Eq.  (3-5)  yields: 
t[k]{AU}1  =  t+At{R}  -  t+At{F}1_1 

-  [M3(-^(t+At{U}1_1  -  t{U})  -  ^  t{0}  -  t{U}), 

At 

(3-10) 

where 

t[K]  =  t[K]  +  -L  CM].  (3-11) 

At 

3.3  Results  of  Two-Dimensional  FEM  Analyses 

Several  time  histories  for  the  compression  longitudinal  wave  at  the 
inside  face  of  the  Type  I  structure  for  load  case  2  (48  MP  )  are  presented 

a 

in  Fig.  15.  The  stresses  are  normalized  with  respect  to  the  maximum 
stress  occurring  in  the  prototype  structure  (Fig.  15a).  This  figure 
illustrates  the  effectiveness  of  both  the  Type  IA  and  Type  IB  layered 
structures  in  reducing  the  magnitude  of  the  propagated  compression  longi¬ 
tudinal  wave.  The  Type  II  and  Type  III  layered  structures  exhibited 
similar  behavior. 

As  was  previously  mentioned,  spalling  will  occur  when  the  compression 
longitudinal  wave  strikes  a  free  surface  (the  inside  face  of  the  wall)  and 
is  reflected  as  a  tension  longitudinal  wave  of  equal  strength.  The  extent 
of  spalling  experienced  by  the  wall  is  a  function  of  the  magnitude  of  the 
reflected  tensile  wave  and  the  duration  of  the  positive  phase  of  the  stress 
wave.  The  maximum  reflected  tensile  stresses  (normalized  with  respect  to 
the  maximum  reflected  tensile  stress  in  the  prototype  structure)  determined 
for  the  three  layered  structures  are  summarized  in  Table  3. 
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Table  3. 

Summary  of  maximum  normalized  reflected 
tensile  stresses  on  interior  face  of 
structure. 

Structure  Type 

Loading 

(mid-layer  thickness] 

5.62  MP  48.3  MPa 

a  a 

Type  1(A) 

0.383  x  10'2  0.383  x  10-2 

Type  1(B) 

0.195  x  10'2  0.195  x  10‘2 

•!®l 


L 


& 


a 

•$ 

J 

,ya 

1 

•W 


Type  11(A) 

0.6 

x  10"3 

0.6 

x  10 

Type  11(B) 

0.31 

x  10"3 

0.31 

x  10 

Type  I II (A) 
Type  III(B) 


0.482  x  10'c 
(0.484  x  10'2)* 

0.367  x  10'2 
(0.372  x  10"2)* 


*  nonlinear  material  model 
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0.482  x  10‘‘ 
(0.484  x  10'2)* 

0.367  x  10-2 
(0.372  x  10‘2)* 


The  results  indicate  that  all  three  layered  structures  are  very  effective 
in  minimizing  or  eliminating  the  incidence  of  spalling. 

3.4  Results  of  Three-Dimensional  FEM  Analyses 

Several  time  histories  for  the  compression  longitudinal  wave  at  the 
inside  face  of  the  Type  II  and  Type  III  structures  are  presented  in 
Fig.  16.  The  stresses  are  normalized  with  respect  to  the  maximum  stress 
occurring  in  the  32  cm.  thick  monolithic  concrete  wall  structure  (Fig.  16a). 
This  figure  illustrates  the  effectiveness  of  both  the  Type  II  and  Type  III 
layered  structures  in  reducing  the  magnitude  of  the  propagated  compression 
longitudinal  wave. 

Spalling  will  occur  when  the  compression  longitudinal  wave  strikes  a 
free  surface  (the  inside  face  of  the  wall)  and  is  reflected  as  a  tension 
longitudinal  wave  of  equal  strength.  The  extent  of  spalling  experienced 
by  the  wall  is  a  function  of  the  magnitude  of  the  reflected  tensile  wave 
and  the  duration  of  the  positive  phase  of  the  stress  wave.  The  maximum 
reflected  tensile  stresses  (normalized  with  respect  to  the  maximum  re¬ 
flected  tensile  stress  in  the  monolithic  structure)  determined  for  the  two 
layered  structures  are  summarized  in  Table  4.  The  results  indicate  that 
all  three  layered  structures  are  very  effective  in  minimizing  or  elimi¬ 
nating  the  incidence  of  spalling. 
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Fig. 16.  Compression  longitudinal  wave  time  histories  at 

inside  face  of  layer  3.  (a)  Monolithic  structure, 
(b)  Type  layered  structure,  (c)  Type  II  layered 
structure. 
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Table  4.  Normalized  reflected  tensile  stresses 
at  interior  face  of  wall. 


I 

i 

Structure  Normalized  Reflected 

Tensile  Stress 


1 .0 

0.0149 


Monolithic  concrete  wall 
Concrete-soil -concrete  wall  (Type  III) 
Concrete-polystyrene-concrete  wall  (Type  II) 


0.00125 


Chapter  4 
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;  SUMMARY 

I  4.1  Type  I  Structure 

|  The  Type  I  structure  of  concrete-air-concrete  appeared  to  be  very 

I 

effective  in  reducing  the  intensity  of  the  longitudinal  compression  wave 
which  propagated  through  to  the  wide  face  of  layer  3  (see  Fig.  12  and 
Table  3).  However,  there  are  several  important  shortcomings  associated 

I 

1  with  the  Type  I  structure  which  were  not  readily  apparent  from  the  results 

presented.  The  most  noteworthy  misgiving  is  that  the  outer  concrete 
layer  (layer  1)  experienced  extremely  large  flexural  and  shear  stresses 
of  sufficient  magnitude  to  cause  a  break.  The  breaching  action  will 
expose  the  inner  concrete  layer  to  an  increased  overpressure  as  well  as 
to  some  impact  loads  from  fragmentation  of  layer  1.  Future  studies  on 
layered  systems  must  address  this  problem. 

4.2  Type  II  Structure 

Like  the  Type  I  structure,  the  Type  II  structure  of  concrete- 
polystyrene-concrete  also  appeared  to  be  very  effective  in  reducing  the 
reflected  tensile  stress  on  the  inside  face  of  layer  3  (see  Tables  3  and  4). 
Ho'ever,  the  outer  concrete  layer  of  the  Type  II  structure  also  experienced 
extremely  high  flexural  and  shear  stresses,  indicating  a  high  likelihood 
for  the  development  of  a  breach  in  layer  1.  It  is  conceivable  that  the 
inner  layer  of  polystyrene  (layer  2)  could  absorb  most  of  the  impact  due 
to  fragmentation  of  layer  1  if  sufficient  thickness  were  provided.  Deter¬ 
mination  of  the  optimal  thickness  for  the  absorption  layer  warrants  further 
investigation. 
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4.3  Type  III  Structure 


The  Type  III  structure  of  concrete-sand-concrete,  although  apparently 
slightly  less  effective  in  reducing  the  intensity  of  the  propagation  of 
the  longitudinal  compression  wave  through  the  structure,  appears  to  be 
the  most  effective  structure  overall.  The  soil  in  layer  2  would  be  more 
effective  in  stopping  the  secondary  concrete  fragments  of  the  outer  layer 
(layer  1),  than  the  absorption  layer  of  air  in  the  Type  I  structure  and 
polystyrene  in  the  Type  II  structure.  Moreover,  the  flexural  and  shear 
stresses  in  the  inner  concrete  layer  (layer  3)  of  the  Type  III  structure 
were  significantly  less  than  those  exhibited  by  the  Type  I  and  Type  II 
structures.  This  indicates  that  the  Type  III  structure  is  less  likely  to 
experience  a  breach  in  the  inner  concrete  layer  (layer  3),  than  the  Type  I 
and  Type  II  structural. 

4.4  Recommendations  for  Future  Research 

Structural  designs  for  protective  military  structures  have  essentially 
not  changed  over  the  past  40  years.  The  majority  of  protective  shelters 
are  constructed  of  massive,  monolithic,  cast-in-place  concrete  slabs.  This 
type  of  construction  may  not  always  be  the  best  alternative,  either  in 
terms  of  safety  or  economy,  or  both. 

The  concept  of  a  layered  structure  was  presented  and  analyzed  in  this 
report.  The  results  of  the  analyses  indicate  that  layered  structures  are 
potentially  a  viable  alternative  in  the  construction  of  hardened  or  semi- 
hardened  facilities.  Although  encouraging,  the  results  of  the  present 
study  are  by  no  means  conclusive.  Additional  studies  in  this  area  are 


It  is  recommended  that  numerical  studies  similar  to  that  reported 
herein  be  initiated  to  determine  dimensions  for  the  various  layers  of  the 
layered  systems  in  order  to  identify  the  most  optimal  and  cost  effective 
structures.  It  is  also  recommended  that  the  most  promising  layered  struc 
ture  concepts  be  tested  experimentally,  first  on  a  small  scale  in  the 
laboratory,  then  at  a  much  larger  scale  in  the  field. 
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CASE .STUDY  ANALYSES 
OF  MILL  I  METER .WAVE .LENGTH  ATTENUAT I  ON 

by 

Larry  Vardiman 

ABSTRACT 

Four  cases  on  9  January  19B0  From  Sierra  Nevada  storms  were 
studied  for  attenuation  of  a  28  GHz  (1.05  cm)  signal  through 
cloud  and  pr ec l p l t a t l on .  A  radiometer  was  positioned  on  the 
Sacramento  Valiev  floor  just  upwind  of  the  central  Sierra.  It 
measured  the  signal  strength  from  a  beacon  on  the  COMSTAR 
satellite.  Microphysics  data  from  a  cloud  physics  aircraft  were 
used  to  calculate  attenuation  along  the  same  path  and  compare 
with  the  radiometer. 

Measured  arid  calculated  values  of  attenuation  show  poor 
correlation.  Two  reasons  for  the  differences  are  apparent: 

1)  aircraft  flights  only  sliqhtly  divergent  from  the  path  between 
"ip  satellite  Peac  on  and  r  ad l ome t  er  pr  oduce  signi  ficantly 
different  results,  even  in  relatively  uniform  precipitation  and 
>  the  effects  of  melting  hydrometeors  on  attenuation  are  highly 
variable  compared  to  the  simple  algorithms  used  in  these 
c  a  1 cu l at l ons . 

It  is  recommended  that  future  data  acquisition  of  this  type 
be  made  i n  such  a  way  that  microphysics  data  be  more  representati 
of  conditions  in  the  same  path  over  which  attenuation  measurement 
a'e  made.  It  is  further  recommended  that  the  complex  effects  of 
hydrometeor  meltinq  on  millimeter  wave  attenuation  be  more 


amp  ie'pl  /  t  r  pr,  t  ed  . 


I.  INTRODUCE ION 

The  United  States  Air  farce  CJSAF)  is  concerned  about  the 
effect  ot  storms  an  the  transmission  of  millimeter  wave-length 
signals  from  satel 1 1 te-to-ground  and  ground-to-ground  systems. 

In  the  frequency  band  from  20  ta  1 OO  GHz  the  effect  of  rain  and 
snow  can  be  important.  In  this  frequency  band  the  wave  length  ot 
the  signal  is  on  the  same  order  as  the  size  of  the  pr ec l p l t at l on 
particles.  A  combination  of  Hie  and  Raleigh  scattering  'heory 
applies  and  cans i der at l on  of  bath  ice  and  water  phases  must  be 
made.  Descriptions  of  the  effects  of  hydrometeors  on  millimeter 
wave  communication  in  the  atmosphere  have  been  reported  by  Hogg 
(1968),  Hogg  and  Chu  (1975),  Tiffany  (1 983  >,  and  Ebersole  et.  al. 
(1985).  Although  the  theory  of  attenuation  ot  radio  waves 
through  a  scattering  medium  has  been  fairly  well  developed,  the 
simultaneous  measurement  of  attenuation  and  in-situ  particle 
J  i  s  t  r  l  liu  t  i  ons  o  ver  1  onq  pa  t  h  1  eng  t  hs  in  pr  ec  i  p  i  t  a  t  i  nq  even  t  s  i  ^ 

ns  part  of  a  summer  appointment  to  the  Air  Force  Geophysics 
laboratory  (AF'GC)  to  study  attenuation  in  1985,  I  made  use  of 
measurements  tafen  by  the  Sierra  Cooperative  F'llot  Project  (SCFF: 
during  the  wint  er  of  1979-80  in  northern  California  '.See  Fig.  1). 

1  he  purpose  of  the  original  measurements  was  to  develop  a  remote 
sensing  technique  for  identifying  supercooled  liquid  water  in 
support  of  c 1 oud  -  seed l ng  experiments  in  the  Sierra  Nevada.  Cloud 
liquid  measurement  by  microwave  sensors  is  described  by  snider. 
Fur  if  i  r  t  ,  and  Hogg  rrfjO ),  Snider,  huirautl,  and  Hogg  <  l  9Go  )  ,  arid 


ch  area  near  Sacramento,  Cali  forma, 
aft  was  hangared  at  McClellan  AF  B ,  the 
er  located  at  Sheridan,  California,  and 
ade  southeastward  from  Sheridan  over 
he  Sierra  Nevada  . 
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'.see  the  SLPP  .lata  inventory  19/9-80).  The  most  important 
measur emen t s  tor  the  purposes  o*  this  study  were  the  microphysics 
measurements  made  w 1 t h  the  University  of  Wyoming  cloud  Physics 
aircraft.  Instrument  at  ion  flown  on  this  aircraft  are  qiven  in 
Appendix  A  and  discussed  in  Cooper  (1979)  and  Gordon  and  Marwitz 
•1994).  Aria  1  /s  l  s  and  interpretation  of  data  in  support  ot  the 
■iff  are  r  epsr  *  ed  in  '  t  e  war  •  end  "tar  w  i  *  *  '  '.  r1 ' ) '  )  ,  Pace  !  , 

•  iris’,  <  ■ »  .  1 1  .  '  r*HI  i  ,  Stewart  and  Marm  t:  1  1  I  ,  Bradford 

.  f  i .  ■  .  -it  ewar  ♦  ,  “irmt  '  and  face  !  i  i'H4  i  ,  and  our  don  and  Mar  wit: 

I  9  Bt.  <  .  !he  terrain  and  typical  flight  patterns  i  I  own  in  the 
S  .f  f  are  shown  in  figures  and 

It  was  der  i  ded  that  ttiise  data  sources  should  provide  a 
ill  i'in  opportunity  to  compare  the  direct  measurement  -if  signal 
■i'  !  ini  through  precipitating  storms  with  ‘tie  attenuation 

a  1  i  I  a  *  ed  from  t  fie  p.ir  ’  i  r  1  p  distributions  mea  s<  tr  ed  in  s  i  ’  u  .  'he 
■  i  e  i  i  s  i  jhs  lr  :„Ti  the  st  nd  v  ti  y  V.ir  di  Iran  and  Peterson  1  1  'rut .  )  were 


‘Sat  re.isi-i-d  a  ■  ■  1  '  al  i  1  a  *  e  d  /  i  1  .  i  e  s  of  a  ‘  *  e  n .  1  a  ‘  i  o  n  iti  ili‘  r-ii  ( 
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twc  ’ipa.ier  case?  the  relative  ermrt  were  larqe  and  at  opposi’e 
high.  I  tie  explanation  tor  these  results  was  that  the  tliqht 
tracts  ♦nr  the  two  heavier  cases  were  inadequate  to  characterize 
the  h > dr omet eor  distributions  in  the  radiometer  beam.  In  one 
case  the  track  was  Mown  in  such  a  way  that  the  rain  was  probably 
under est 1  mated  near  the  qround.  In  the  other  case,  the  vertical 
resolution  was  poor  and  the  rain  at  lower  levels  was  probably 
a.  er  es  t  1  ma  t.  ed  because  o<  Might  deviations  to  penetrate  heavier 
precipitation  regions. 

The  recommendations  tram  Vardiman  and  Peterson  (1985) 
included  suggestions  that  two  or  three  additional  cases  from  the 
5CF  c'  he  analyzed  with  more  severe  constraints  placed  on  case 
selection,  particularly  in  regard  to  flight  paths.  In  addition, 
pr ec i p i t a t i on  rates  calculated  from  the  microphysics  data  should 
be  calibrated  by  comparing  with  measured  pr ec l p l t at l on  rates  in 
the  1UPF-  qaqe  networl  . 

rhese  recommendations  were  recognized  to  be  useful  by  the 
USAF-  and  a  follow-up  contract  awarded  to  pursue  this  line  of 
research  in  1986.  This  report  describes  the  results  of  that 


additional  work. 


wer  e  that: 


II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT 


i  ( 


The  objectives  identified  under  this  contract  were  that: 

A.  Prpcipitation  gage  data  be  used  to  calibrate  the 
calculated  pr ec 1 p 1  tat  1  an  rates. 

B.  Comparisons  of  measured  and  calculated  attenuation  be 
made  for  three  time  periods  from  9  January  1 9S0  using  the 
SCPF  data. 

C.  Travel  be  accomplished  to  Sacramento,  California  and 
Boston,  Massachusetts  to  confer  on  similar  research  efforts. 

D.  An  evaluation  of  the  merits  of  analyzing  the  recent 
radiometer  data  from  the  SCPP  for  attenuation  in  snow  above 
the  melting  level  be  made. 


The  case  studies  analyzed  in  the  previous  worl  led  to  the 
conclusion  that  flight  paths  must  be  as  close  as  possible  to  the 
path  between  the  satellite  beacon  and  the  radiometer.  The 
assumption  had  been  made  earlier  that  the  stratiform  cloud 


conditions  upwind  of  the 


Nevada  were  relatively  uniform 


horizontally  and  a  transect  of  the  cloud  close  to  the  radiometer 
would  be  adquate.  However,  the  results  indicated  otherwise.  In 
addition,  two  of  the  three  cases  selected  earlier  did  not  have 
heavy  pr ec i p 1  tat  1  an  or  strong  attenuation. 

In  reviewing  the  cases  available  in  the  SCF'P  ,  it  was  found 


that  t  our 


occurred  on  9  Januarv  1980  which  were 


oriented  close  to  the  beacon  path,  strong  attenuation  was 
obser ,ed  b/  the  radiometer,  and  relatively  heavy  pr ec l p l t a t l on 
tell.  The  meteorol uq i c  a  1  c  and itions  changed  rapidly  t  hr  auqhou t 


t ho  da,  so  that  the  four  tr 


represented  unique  situations 


'wo  of  the  cases  occurred  in  the  morning  from  197.8  to  1950 
Case  i  )  and  from  1950  to  2006  Z  (Case  2)  .  These  two  cases  are 


close  in  time  because  the  microphysics  aii 


f 1 ew  up  the 


beacon  path  and  then  immediately  flew  nearly  back  down  the  same 
patn  on  a  descent  into  McClellan  AFP,  where  the  plane  was 
nangared.  Ihe  other  two  cases  occurred  in  the  afternoon  from 
2208  to  2222  Z  (Case  7)  and  from  2  7.75  to  2  7.45  Z  (Case  4)  .  The 
first  nt  these  was  on  climbout  from  McClellan  AFb  and  the  other 
ap  ‘he  beacon  path.  In  reality,  only  Case  1  and  Case  4  satisfy 


"ij  total  criteria  of  this  study.  The  other  cases  were  included 
because  they  were  the  ne.:t  best  data  available  from  the  SCRE. 

B.  Meteorological  Conditions 

'he  iTietearoloqical  conditions  durinq  the  flights  could  te 
i-haracterued  b  y  a  general  overcast  condition  in  the  morning  with 
moderate,  uniform  pr ec 1 p 1  tat  1  on  covering  the  entire  region.  In 
the  afternoon,  pr ec 1 p 1  tat  1  on  was  heavier  but  also  more  showery. 
The  degree  Centigrade  level  was  at  about  C  km,  winds  were  from 
the  sou t h / sou t heas t  at  the  surface  veering  to  the  southwest 
aloft,  and  embedded  convection  was  present.  1  he  prec 1 p 1  tat  1  on 
rate  increased  slowly  throughout  the  day  from  less  than  3  mm/hr 
in  the  morning  to  over  8  mm/hr  near  the  end  of  the  day. 

Convection  became  more  prevalent  in  the  afternoon  with  banded 

north/south  pr ec l p i t at l on  features  showing  on  the  radar.  A 
complete  meteorological  discussion  with  time  cross  sections, 
upper  air  and  surface  charts,  satellite  pictures,  and  soundings 
l-uier  a  ted  b,  Khea  et.  .  al.  (  1 98U )  may  be  found  in  Appendix  B. 

C.  Reducti on  of  Aircraft  Data 

The  processing  of  aircraft  microphysics  data  was  a  sizable 
fasl .  D/er  COO  variables  were  available  for  each  second  of 
f 1 ight  during  the  nearly  8  hours  of  archived  aircraf t  data 
'  ec or  Jed  on  this  day.  This  massi  ve  amount  of  data  was  reduced  to 

selected  variables  and  flight  times  of  interest  by  several 

programs  written  previously  an  the  CYBER  computer  at  AFGL.  These 
programs  were  transferred  to  the  CRAY  super c ompu t er  at  the 
in  i  /er  .  i  t  y  of  California  at  San  Diego  (SDSC)  where  they  were 
modified  rind  run  using  the  V  January  1  980  data.  A  Zenith  Z  -  l  uu 


MzrocQmputer  was  purchased  and  .used  on-si  te  at  Christian 
Her  i  t  aqe  ('ol  ieqe  to  access  the  SDSC  by  local  phone  line. 

Averages  of  many  of  the  variables  were  made  over  time 
internals  determined  by  the  aircraf t  flight  patterns  and  sample 
volumes  of  the  hydrometeor  probes.  The  selection  of  appropriate 
averaging  times  was  an  integral  part  of  the  analysis.  If  the 
time  interval  is  too  short,  an  insufficient  number  of  particles 
is  sampled  in  the  large  size  bins  of  the  hydrometeor  probes, 
rausinq  a  significant  error.  If  the  time  interval  is  too  long, 
the  vertical  resolution  in  computed  variables  is  too  great.  An 
averaging  interval  of  70  seconds  was  se 1 ected  f  or  the  9  January 
c  ase . 

The  end  product  desired  from  the  aircraft  microphysics  data 
was  a  vertical  distribution  of  cloud  and  hydrometeor  equivalent 
water  contents  for  the  four  cases.  It  was  initially  assumed 
dur i nq  vhe  previous  study  that  the  variables  calculated  by  the 
University  of  Wyoming  would  be  adequate,  but  after  some  effort  to 
use  their  values  it  was  realized  that  the  particle  spectra  tram 
the  hydrometeor  probes  would  have  to  be  used  to  calculated  our 
own.  The  first  effort  at  calculating  hydrometeor  contents  used 
on ! >  the  2DC  PMS  probe.  This  was  an  improvement,  but  the  sample 
volume  for  the  large  bins  was  inadequate.  Therefore,  PMS-2DP 
size  spectra  were  then  included.  With  this  inclusion  of  the  ZDP 
probe,  however,  hydrometeor  contents  were  only  stable  if  bins 
which  contained  less  than  ID  particles  in  a  sample  were  excluded. 
The  University  of  Wyoming  data  provides  two  type  of  size  spect.'a 
tor  each,  hydrometeor  probe.  The  first  rejects  artifact  images 


*.i  :.ed  by  water  in.]  ot  ♦  'ht.-  edges  of  the  p-obes.  I  hi? 

*’(  'rvl  >e;erts  1  mages ,  i  ti  addition  t  o  the  "stredt  ers"  ,  which  lo 
,.;t  tid.p  a  certain  degree  of  circularit,.  Fc.r  a  full  discussion 
t  the  i  '  i  t  er  i  a  tor  re]  ec  t  1  on  of  artifacts,  see  Cooper  (19  78). 


o  1  oof  mq  at  the  particle  images,  we  di 


that  some  of 


them  were  gigantic  'up  to  8  cm)  and  appeared  to  be  either  large. 


were  snowflakes  or  arti 


By  using  the  second  type  ot 


spectra  these  peculiar  particles  were  rejected,  thus  not 
affecting  the  calculation  of  water  contents.  Such  particles,  if 
they  are  real  however,  could  have  an  important  effect  on 
attenuation  hecause  of  their  large  sice.  The  greatest  degree  of 
uncertainty  in  making  these  calculations  occurs  in  the  melting 
layer  because  of  the  difficulty  in  identifying  particle  type, 
shape,  a  r ,  d  sice. 

The  calculation  of  liquid  water  content  below  the  melting 
layer  is  quite  straightforward  since  the  particles  are  mostly 
spherical.  In  the  melting  layer  and  above,  however ,  the  part  in  1 
shape  and  density  a^e  highly  speculati  .e  causing  a  great  deqree 
f  uncertainty  in  calculating  equivalent  water  content.  titter 


ipveral  unsuccessful  attempts  to 


water  contents  using 


‘he  sice  to  mass  con ver  sion  equations  of  Nakaya  (1954),  we 
elected  to  use  the  conversion  equations  developed  by  Berthel 
1981.  a  t  AF  GL .  We  used  his  plate  family  eguati on  for  the  9 
afuiar  /  1 9B'  >  cases.  It  is  obvious  when  looking  at  the  particle 
images  th.it  a  mixture  of  particle  types  is  present  and  no  single 
>g  t.i  *  l  on  will  proper  1  y  app  1  y  to  an  y  given  case. 

‘  fit.*  assumption  was  made  in  these  calculations  that  all 


pa'  *  ;  _  1  es  abcve  the  o  leg  ret-  Centigrade  level  were  ice  crystal  ^ 

•arid  =<  1  1  t,  articles  beluw  w  ^  r  e  water  drops.  In  bierra  Nevada 
-storms  elatively  few  water  drops  occur  above  the  0  degree 
Centigrade  level  because  of  the  abundance  of  ice  crystals,  which 
will  quickly  nucleate  any  supercooled  drops.  The  assumption 
abo/e  the  u  degree  Centigrade  level  is  probably  quite  good, 
below  the  0  degree  level,  however,  melting  snow  can  take  several 
tiundr  eds  of  meters  to  completely  melt,  forming  liquid  drops.  The 
assumption  that  all  particles  below  the  0  degree  Centigrade  level 
are  liquid  probably  overestimates  the  liquid  water  c  on  tent. 

However ,  attenuation  based  on  this  inflated  hydrometeor  liquid 
water  content  may  not  be  far  from  reality  because  an 
e 1 ec t r omagnet l c  wave  "sees"  a  water-coated  ice  particle,  almost 
as  i f  it  were  a  spherical  water  drop  of  the  same  size. 

Therefore,  this  assumption  should  be  appropriate  for  use  in 
calculating  attentuation  even  though  the  actual  hydrometeor 
1  l.jii.  ,!  water  content  wou  Id  pr  ouab  1  y  be  less. 

Cloud  1 iquid  water  content  was  measured  by  the  Particle 
Measuring  System  Forward  Scattering  Spectrometer  Frobe  (FSSF)  and 
1j  assumed  to  be  liquid  throughout  the  en tire  depth  of  the1  cloud. 
Because  the  cloud  liquid  water  contents  in  Sierra  Nevada  storms 
are  seldom  greater  than  . 1  qm/m  ,  the  integration  of  the  FSSF 
<-qect,a  is  considered  to  be  mor  e  accurate  than  the  Johnson  -W  l  1  1  l  a  ms 
. iquid  water  content  measur ement 5 . 

D.  Development  of  a  Simple  Attenuation  Model 

The  attenuation  of  an  e 1 ec t r omagnet l c  signal  in  cloud  and 
pr  *>(  i  pi  tat  ion  as  a  function  of  temperature  and  wavelength  has 


iit’fii  r  »<;>ar  t  e.i  a  ,  .-unn  nn.l  :-a;t  ■  I  V  5  4  j  .  _ir.  i  der  ,  Burd.  ::t  and 
i  1  '  1 3  '  i  i  ’  a  'imdr  atic  >  q  <t  ion  to  this  data  to  develop  the 
attenuation  cjeMici  en  t  for  t  1  aud  »oter  at  23.  56  GHo  as  a 
function  of  temperature. 
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Although  most  investigators  ha/e  di  ".counted  the  contribution 
of  snow  on  attenuation  because  of  its  low  index  of  refraction,  a 
recent  analysis  of  data  from  the  SNOW  experiments  by  Ebersole  et  . 
a  l  .  '.19851  has  indie  a  ted  that  "attenuati  on  due  to  falling  snow 

will  be  significant  at  some  frequencies  if  the  path  length  is 
•■'.ever  a  l  filometers."  Bitting  a  straight  line  through  the  center 
of  Ebersole  data  gives  the  tol  lrwing  equation  for  the 


attenuation  i  ripf  t  i  ;  lent  of  snow  at 
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Note,  that  Ebersole  s  attenuation  coefficient  tor  snoh  is  in 
terms  of  a  mass  density  rather  than  a  pr ec 1 p i t at  1  on  rate.  This 
formulation  would  seem  to  be  more  appropriate  for  rain  as  well, 
since  the  estimate  af  precipitation  rates  from  aircraft  or  radar 
data  introduce  additional  error  due  to  uncer t a 1 n t 1 es  in  tall 
ve 1 oc l t  y . 

(f  we  can  now  assume  that  we  have  accurate  attenuation 
coefficients,  we  need  only  multiply  the  appropriate  value  of 
attenuation  coefficient  for  cloud,  rain,  and  snow  by  the 
thickness  of  each  layer  in  the  storm.  The  total  vertical 
attenuation  is  'hen  the  sum  ut  all  layers.  !,ince  the  radiometer 
was  'loafing"  *  h rough  ‘he  st  or  m  at  an  angle  of  32.6  degr  ees  f  r om 
fhe  horizontal,  the  actual  attenuation  along  the  beam  is  the 
vertical  attenuation  divided  by  the  sine  of  32.6  degrees.  This 
model  does  not  take  into  account  the  attenuation  due  to  water 
. apor . 

If  U*  is  the  attenuation  in  each  layer  due  to  the  cloud 
water,  rain,  arid  snow,  then  the  rontributi  on  of  each  1  ayer  t  c  the 
brightness  temperature  seen  by  the  radiometer  is: 


r-  -  i 


t/  4  .  4  ’  >  ,  ! 


5585 

KvfSvSS 

^  I  ‘j  I  tii.1  mass  ml‘1  ijhteu  temperdtuCL'  of  'MCh  layer  in  the  storm. 

'hi?  tot.il  brightness  tomperjture  seen  tv,  the  r  ad  i  omet  er  is  then 
the  >  mi  o  t  the  contributions  tr  om  each  layer. 

A  i.  juputi’r  i  ted  model  based  upon  the  proceeding  discussion 
mu-,  i  -r  -'ml  ,itpi)  to  calculate  t  tie  a  t  t  enua  t  l  on  and  brightness 

tempera*  ire  in  each  layer  and  find  trie  totals  as  ’seen''  by  trie 

-  .i.lM.ae'  a  .  [  \  s  t  i  nqs  of  the  programs  used  in  the  pr  oc  ess  l  n  g 

•  if  f,  vh'o:r>r,  vktplt,  fall,  sum.  srcun,  se'rgpl  t  ,  flpsum, 

1  t*l.  till-'.  A I  ’  til  'L  T  )  are  shown  in  Appendix  C .  Specific  data  used 
in  - ar i ous  stages  of  the  proqrams  are  shown  in  Appendix  D. 

EL-  Flight  Paths  and  Radar  Features 

Ire  flight  p  a  t  hs  t  akf?n  by  the  aircraft  during  trie  four  cases 
an  shi  :wi .  in  ’  i  g  i  ir  o  s  4  /.  Tfie  fligtit  pat  hs  are  super  i  mpott'd  over 

. .  1  . 1 1 1  position  indic.it  or  (f'PI)  displays  of  the  radar  reflectivities 
■  r  *"i  from,  r  he  jher  i  dan  radar  site  coincident  with  the  radiometer. 

I  n  Case  1  t  1 1  f »  ,ur  craft  <  1  l  mbed  as  r  ap  idly  as  poss  i  b  1  e  (  <.>o<  > 

*  e*  ■  f  /  n  i  .  ■  i  f  e  <  along  t  tie  direction  of  •  lie  beacon  from  about  "  K) 

f  ia*t  f  n  1  tj  ,  uu'J  feet  .  In  Case  1'  the  aircraft  descended  gradually 
from  lo.ooo  feet  to  about  lOOo  feet  over  a  path  south  cf  the 
ieai  on.  In  Case  '  the  aircraft  ascended  frcm  1 OUO  feet  to  about 


1  ■!  ,  1  ioi  i  fit.* 


1  i  mtiout  from  FcCI  an  AFEir.  In  this  case  the 


j  a  t  1 1  was  actually  perpendicular  to  the  beacon.  In  Case  4  the 
i  i  r  r  ,i  ♦  t  ascondid  from  about  T-'JOO  feet  to  1 5  ,  OOO  feet,  par  t  way 
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'  . '  « •  ‘  i  bet  Hi'Hii  *  he  sa  t  e  1  i  i  '  e  -mil  f  '  1  e  -  ,<;1  i  t-.'iet  t.’f  w.  «. 

:  1  i  1  I  u  e  1  I  •  If ,  . :  I ,  J  1  I  ■  i  t  '  3  .  ' ,  degree-.  to  t  he  h  or  i  ;-jnt  dl  .  iiu'i 

mm  ,1  r  1 1  t  ‘  i  i  *  t  ‘it?  be  iron  ;/,it  h  r  c?  AC.  ri  ed  ,m  .i  1  t  i  t  udt?  o  *  I  5  ,  OOij  tern'. 

,(!)ovi‘  the  ground  at  a  distance  of  about  3  kilometers  from  the 

5h  er  i  (1  .m  radar  site.  Jn  the  other  n  and  ,  the  JircraH  typically 
took  about  4  <j  km  □(  horizontal  distance  to  climb  to  15,  OOO  feet 

altitude  -itiuve  the  qr  oi ind . 

The  r  e  f  1  ec  t  i  v  i  t  i  es  t  hr  ouqh  wh  i  ch  t  he  aircraft  fl  ew  in  all 

♦  ciur  case,  were  qeneratly  20  dl<Z  with  some  patches  to  30  dbZ.  It. 

Case  ‘1  tlx*  centers  of  some  cells  near  the  flight  path  exceeded  4U 

dl'Z.  Note  that  even  though  the  precipitation  was  relatively 
uniform  and  no  major  features  such  as  strong  bands  and  intense 
cel  Is  were  present  in  the  PP  I  displays,  considerable  fine 

structure  was  evident.  The  convective  instability  in  the  time 
f  r  oss  sections  of  Appendix  L<  is  evident  in  the  weak,  small  -scale 
cells  ,fmwn  on  t  he  radar.  This  structure  is  important  because 
t.he  paths  measured  by  the  radiometer  and  the  aircraftwere 
different.  Since  the  precipitation  is  obviously  not  completely 
uniform,  any  differences  in  the  two  paths  will  be  reflected  in  a 
comparison  of  measured  and  calculated  attenuation.  A  more 

complete  sequence  of  radar  displays  is  given  in  Appendix  E. 

F.  Particle  Images  and  Distribution 

Kiqure  9  shows  typical  particle  images  taken  by  the  2  -  D 
f  nol  1 enburq  probes  on  the  Uni ver  si ty  of  Wyoming  aircraft.  This 

particular  display  was  from  Case  1  when  the  aircraft  was  at  an 
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a  i  t  i  t  jJc  a1  atiuut  •  >U  test  and  ^  tempe'dture  of  -  1  degrees 
l.ent  1  jrade.  The  small  images  ere  from  the  2D-F'  prohe  and  the 
larger  from  the  2D-C  prate.  Images  .-iere  recorded  electronical  ly 
from  alternate  probes  as  the  memory  butters  were  tilled.  The 
maximum  lateral  dimensi on  ot  the  2D  -C  probe  is  BOO  micr  ometer s 
and  the  2D-F'  probe  6.4  millimeters.  The  numbers  shown  between 
the  images  are  date/time  groups  and  value  ot  variables  calculated 
from  the  images  such  as  particle  concentrations,  average  sizes, 
and  precipitation  rates. 

Appendix  F  contains  several  sets  of  images  at  different 
altitudes  for  each  of  the  tour  cases.  In  addition,  particle  size 
distributions  r epr esen t a t l ve  of  the  integrated  path  for  each  case 
are  also  displayed. 

G.  Radiometer  Data 

The  attenuation  measured  by  the  radiometer  and  the 
p r ec i p l t a t l on  observed  at  the  Sheridan  radar  site  are  shown  in 
f  l gur e  f .  The  time  period  runs  from  1600  to  240u  Z  on  9  January 
l-?Qu.  Bases  1  and  2  occurred  during  the  maximum  attenuation 
event  ot  B.  7  dJB  observed  near  2000  Z.  This  attenuation  means 
that  less  than  157.  of  the  oriqinal  signal  from  the  beacon  was 
recei ved  by  the  radiometer.  A  maximum  in  precipitation  of  6 
nm/hr  was  also  observed  near  this  time. 

Bases  3  and  4  occurred  when  both  the  attenuation  and  the 
precipi  fdtior,  at  the  Sheridan  site  were  less,  although  we  will 
find  u  t  ur  t  ha  t  f  he  pr  ec  l  p  l  t  a  t  l  on  rate  was  actually  qreater  on 
•  t  e  slopes  of  the  Sierra  Ne/ada  to  the  east.  The  fluctuati  or,  s  in 
?  it’  ,tt  *i>ri  iat  inn  again  attest  to  the  shower  y  nature  of  the 
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H.  Precipitation  Data 

t  igures  1 U ,  11,  1  Z ,  and  1  show  the  horizontal  distribution 


ot  average  p  r  ec  i  p  i  t  a  1 1  .or.  rates  o/er  the  SCFP 


ar  ea  rlur  i  nq 


the  tour  cases.  live  average  precipitation  rate  during  an  hour 
containing  each  case  is  shown  for  approximately  50  gage  sites  on 
the  west  side  of  the  Sierra  Nevada.  The  average  value  for  gages 


in  a  smal  1  region  under  and  downwind  of  the  ai 


f 1 l ght  paths 


is  shown  with  dashed  lir.es.  Notice  that  this  average  value 
increases  throughout  the  day,  from  7.  mm/hr  to  7.  Z  mm/hr. 
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IV.  RESULTS 


A.  Vertical  Hydrometeor  Distributions 


F-  i  qur  es  14-21  show  the  vertical  distributions  o*  ice  crvstal 


:  an  c  en  t  r  a  t  1  on  ,  cloud  liquid  water  content,  pr ec 1 p 1 t a 1 1  on  water 


.  ontent ,  and  pr ec 1 p 1 t a t 1  on  rate  tor  each  o+  the  tour  cases.  The 


ice  cr  ystal 


ion  is  the  total  particle  concentr at  1  on 


observed  by  the  2D  -  C  fnallenberg  pr  obe .  The  cloud  liquid  water 


content  is  the  integrated  mass  c one en t r a t l on  observed  with  the 


f  .  ,r  war  d  scatter  inq  spec  trumeter  pro  tie.  The  pr  ec  1  pi  tat  1  on  water 


ontent  is  the  inteqrated  mass  concentration  observed  with  the 


2D-C  and  2D  F  pr  oties  combined,  ignoring  bins  which  contain  fewer 


than  Id  particles.  The  particles  are  assumed  to  be  plate-1  lie 


and  have  a  mass,  length  r  e  1  at  1  on  sh  1  p  q  1  /en  by  Her  t  he  1  1  Vb  >  .  Hie 


precipitati  on  rate  was  calculated  -from  the  precipitation  water 


ontent  and  particle  sire  distributions  assuming  standard  fall 


velocity  relations. 


Ice  crystal  c.  one  en  t  r  a  t  l  on  s  are  typically  less  than  1  on  /  liter 


In'  t  he  four  cases  except  in  shallow  layers  where  concentrations 


an  exceed  2 bu /liter.  The  2D  2  probe  observes  some  ice  particle 


ram  entrations  within  and  below  the  melting  layer,  although  the 


magnitude  decreases  sharply  below  the  O  degree  Centigrade  level 


near  1m.  Note  that  Cases  3  and  4  appear  to  have  highe-" 


oncpnt r at i ons  of  ice  crystals  and  they  seem  to  occur  at  higher 


altitudes.  Size  distributions  of  the  ice  crystals  may  he  found 


i  r i  Ap  p  en  d  ;  >.  T  . 


Cloud  liquid  water  contents  are  less  than  .  gm/rr.  for  all 


f'jir  Eases  and  is  typically  less  tlian  .1  qm/m  except  in  shallow 
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ICE  CRYSTAL  CONCENTRATION  VS.  ALTITUDE 

9JAN80,  1939Z  TO  1950Z 
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PRECIP.  WATER  CONTENT  VS.  ALTITUDE 

9JAN80.  1950Z  TO  2006Z 
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1  ’  gage  :il'I  wir  I  .  The  a  v  e  r  a  g  e  ,.i’i  r.il  !  derived  pr  ec  i  p  i  t  ««t  I  on 
'ate  is  aDout  hdl  f  of  the  aver  a  qe  g  age  precipitation  rate.  the 
r  i?i)an(.  v  in  these  two  aver  ;.jes  may  tie  due  to  the  (ol  lowing 
reasons:  1)  Some  precipitation  is  lost  in  the  calculation  of 

aircraft  p r ec 1 p 1  t a t 1  on  rates  by  the  neglect  of  bins  with  fewer 
than  10  particles.  This  is  more  liiely  to  affect  larger  bin 
sices  which  have  mor e  mass  and  fall  vel oc i ty.  2 )  Mass 
conversion  and  fall  velocity  assumptions  could  be  affected 
strongly  by  crystal  type,  riming,  aggregation,  and  melting, 
par  t  i  lijI  ar  1  y  in  the  melting  1  aver  .  Z)  Precipitation  gradients 
in  the  foothill  region  of  the  Si  err  a  Nevada  could  easily  sway 
average  values.  4)  The  low  pr ec l p l t at l on  rates  calculated  at 
some  levels  in  the  vertical  may  be  due  to  horizontal  variations. 
However  ,  averages,  whether  in  the  vertical  or  horizontal,  should 
approach  the  same  values,  given  enough  data. 

Since  the  aircraft-derived  precipitation  rate  is  too  low,  it 
is  litely  ttiat  ttie  calculated  attenuation  is  also  low.  further 
wort  on  this  topic  should  explore  which  of  the  likely 
above  caused  the  pr ec i p l t at l on  rate  to  be  low  and  make 
appropriate  corrections. 

El.  Vertical  Attenuation  Distributions 


figures  22-25  show  the  vertical  distributions  of  calculated 
ice  crystal  attenuation,  cloud  water  attenuation,  and  rain  water 
attenuation  for  each  of  the  f our  cases.  Note  that  these  values 
are  given  in  dD/km  in  the  vertical.  That  is,  the  values  have  not 
yet  been  corrected  for  the  inclination  through  a  pr ec l p l t at l ng 


cloud  anil  integrated  a 


a  radiometer  would  obseve  the  satellite 


A 
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Figure  23. 


Vertical  Distributions  of  Attenuation  due  to 
Ice  Crystals,  Cloud  Water,  and  Rain  (Case  2) 
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man  y  v  edri  that  melting  n  yd  r  o.r.et  ear  5  p.'iduce  a  "bright  band"  tar 
radar  a.  The  1  Ayer  of  liquid  water  which  coats  ice  crystals  and 
snow  t 1 al as  below  the  U  degree  Centigrade  level  causes  particles 
to  scatter,  absorb,  and  emit  more  microwave  radiation  than  the 
same  particles  above  the  'J  deqree  Centigrade  level.  In  addition 
aggregation,  riming,  fracturing,  and  changes  in  fall  velocities 
produce  changes  in  particle  distributions  which  also  affect 
scattering,  absorption,  and  emission.  Mill' meter  wave  length 
attenuation  is  similarly  affected.  Only  elementary  efforts  to 
treat  these  effects  were  talen  in  this  study. 

It  is  recommended  that  the  complex  effects  of  hydrometeor 
melting  an  millimeter  wave  length  attenuation  be  more  completely 
treated.  Such  a  study  should  explore  the  particle  sice 
distribution  changes  through  the  melting  1 ayer  as  a  function  of 
particle  types  and  sizes  falling  into  the  melting  layer.  These 
changes  could  then  be  evaluated  as  to  their  effect  on 
at t enuat l on .  Attenuation  in  the  melting  layer  could  easily  be 


equa  1 


or 


than  the  total  attenuation  through  the 


remainder  of  the  cloud  combined. 
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F igure  25. 


Vertical  Distributions  of  Attenuation  due  to 
Ice  Crystals,  Cloud  Water,  and  Rain  (Case  A) 


1  ■ ,  I-V1  *  t  I  u  t  t  1 1 e  .it  t  I'fm.it  uin  [lilt'  t  Cl  '  a  i  :  i  tii‘|c«  *  1 1  > ' 

•  *  •  1  t  t  eg  :  >>-.  el  :  uii‘.  r  i  tmt  iJt,  t  tii'  gr  fcf.it.  est  t  o  t  lif-  t  at  .1  I  tenujt  iqii  , 

although  it  oxnti’d'j  .  5  (1  ft  /  I  m  o'i  1  y  in  fuse  It .  Cloud  ndter 

cant'  it  uitos  only  neql  i  bl  y  to  the  attenuation.  Ice  crystals 

.ip()'M'  to  male  an  important  contribution  in  Case  consister.  *1> 

approaching  .1  dft.'l  m  over  the  entire  upper  portion  of  the  cloud. 

I  i  Case  1  and  Case  4  the  aircraft  transects  throuqh  the 
'. loud  were  terminated  at  the  bottom  near  1 OOO  meters.  In  none  o* 

‘he  cases  cl  i  cl  t  he  a  l  r  c  r  a  f  t  ex-  i  t  completely  t  hr  ouq  h  t  r  i  e  top  o  ♦  the 

.  I  ’lud  ,  a  1  t  tiouy  ti  the  major  portion  of  the  precipitation  was 
evidently  tie  low  the  aircraft,  as  shown  by  the  evcursi  on  of  the 
.it  terni.it  i  on  traces  back  to  near  ;ero  at  5000  meters.  Missing 
data  at  the  top  and  bottom  of  the  cloud  cause  the  integrated 
values  of  attenuation  measured  by  the  aircraft  to  appear  too  low. 

C.  Total  Attenuation 

1  iti  I  i'  I'  shows  the  integrated  values  of  attenuation  through 
‘tie  entire  depth  of  the  cloud  for  the  four  cases.  These  values 
have  been  t  arrected  f  or  t  tie  incl  inati  on  of  the  radiometer 

it  .iv  .  i  nr)  r  '  i  o  beacon  at  I C  .  5  degrees  r .  o  t  h  a  t  compa'  i  son  can  be 

made  directly  with  observations  by  the  radiometer. 

Cun  is  the  greatest  contributor  to  attenuation  for  all  fou' 
rases.  In  [.  a  se  1  and  Case  4  add  l  t  i  on  a  1  a  t  t  enua  t  l  on  due  to  rain 
should  be  considered  because  of  missing  data  below  1 0'JU  meters, 
'.use  4  shows  an  extremely  high  value  due  to  rain.  This 
particular  value  was  primarily  due  to  a  single  measurement  in  the 
■  ■  i  t  i  r  i<  j  layer  at  1  ri  15  me  tore.  The  particle  d  l  s  t  r  l  tm  t  l  on  was 
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•  .  I  t  (  .  •  •  ,•  1  ,  t  r  I  m  , ,  j  ;  .  ! ,  ,  aggregation  . •  •  1  *  1  1 1  j  wh  .  ' .  ,  i  i  , 

* '  '  ,  -  •  •  . w  1  !  ,*c  1  in  an  ♦*::  t  r  erne  vj|  ut>  t  or  at  ?  emi.i  t  I  on  .  t  : pi  .  at  l  n.  i 

'  'hen.  f » f  f  ec “  ■»  wa'j  be  y  onil  tilt?  ',cc;)i?  ( 1  f  t  1 1  i  s  rlicrt. 

>W  t  fuiuqh  cloud  water  contn  ImliKl  one  third  of  the 
attenuation  to  the  first  case,  it  was  a  minor  contributor  to  the 
tj t  tier  cases. 

Ice  crystals  made  substantial  contribution  to  the 

attenuation  for  all  f  our  cases.  Particularly  in  Case  A  the 
presence  of  high  concentrations  of  precipitating  ice  particles  in 
't<>  ap;,,>-  part  of  t  he  cloud  contribute  almost  J  dh  t  r.  t  tie 

.it  •  criu,it  ion  of  the  tieacon  signal. 

D.  Campar i sans  of  Measured  and  Calculated  Attenuation 
fable  shows  the  measured  and  calculated  attenuation  ‘or 
the  four  cases.  The  measured  values  of  attenuation  are  the 
averages  observed  by  the  radiometer  over  the  same  time  inter. al 
•■hat.  the  aircraft  data  were  tale.  No  ad  j  us  t  men  t  s  have  been  made 
for  water  on  the  antenna.  The  calculated  values  of  attenuation 
have  not  been  adjusted  for  missing  data  below  1  1m  for  Cases  1 
and  A.  In  both  those  cases  the  total  attenuation  would  protiabl  , 
he  greater  by  about  1  d  E<  if  the  rain  below  t  be  1  1  m  level  had 
been  included  in  the  data.  Appr  o>:  i  ma  t  e  1  y  8  dE<  of  the  It).  11  db 

calculated  attenuation  in  Case  A  is  due  to  a  single  extreme  value 


of  precipitation  in  the  melting  layer. 

E.  Travel  to  Confer  on  Similar  Research 

During  the  period  of  this  contract  I  traveled  to  Sacramento, 


Cal  t  f  or  n  l  a  and  Etas  t  on  , 


,s.  The  trip  to  Sacramento  was 


made  on  January  77-29,  1986  in  order  to  visit  the  Sierr, 
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Case 

|  Measured  Attenuation  (dB) 

!  from  Radiometer 

Calculated  Attenuation  (dB)  j 
from  Aircraft  | 

i 

. 

i  5 . 95 

■ 

i .  09 

■> 

c. 

;  4.39 

i 

1.95 

•j 

1-38 

2.20 

4 

:  2.04 

1 

10.  11 

j 

'able  3 . 

Comparison  of  Measured  and  i 

Calculated  Attenuation 
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r  ■  J  ;  •  > 


t ) ■ ir  ,J.  ) 


t  . )  ( It)  •  I  1  •  I 


w  .  : .  ir 


i  ,  i  : 

*  ’  *  •  J 

"  : 

•  lilt  .«  *  or  • 

.  t  '  l  t  i 

•  ■-V 

■J.  i  to 

btj  list- 

d  in  t  h  : 

.  .1 

»  .*.'1.1 

f  V  J  l 

1 1  .  es  t.  i  g  a  t  e  t  he 

pc 

SS  1  b  1  1 

l  t  y  of 

a  si  n  g 

d  a  t  a 

.  r  i . 

•  •’ j  V 

*  *lf-»  , 

.  :  (  r  ad i one!  er 

a  t 

a  n  e  w 

site 

h  \  qfit?r 

in  the 

*  i  . 

•  ,  < 

:  a.  ] 

1 1  r  ed  the  p ec 

l  p  l 

t  a  t  t  on 

data 

arid  it 

has  been 

ill.  or  riOf  it  ej  i  n  i  tu  s  report.  However  ,  the  new  location  o(  t  tie 
.i!i  i.tiw  •  .-r  pr  e;  luded  us  i  nq  ttie  data  for  the  purposes  of  this 
I'd.  •  ,ii  •  .  ;t  is  located  at  about  oOOO  feet  in  the  Sierra  Nevada 

.  ■  *  >  r  'i»*  :.ei  i]iit  ijt  t  f  ie  'i  decree  Centigrade  level  in  most  storms. 

■  i  i  ,  li>t  i '  inn  wi  jr  t  well  for  the  pi  ir  posc*s  of  the  SC  PI-  in  !  oc  a  t  i  ;  c :  j 

on  led  water  ,  but  its  location  prevents  aircraft  from 

ipp'oa  hi  :uj  wi'tiin  about  _'0<.hj-40  <jij  t  eet  vertically  because  of  1FP 

•  mil  satety  r  es  t  r  i  .■  t  i  ons .  This  means  only  poor  comparisons 

between  the  radiometer  and  aircraft,  measurements  are  possible, 

t  or  those  reasons  use  of  recent  SCF'P  data  was  not  pursued 

•  ■  i  r  t  h  e 

'  h*,*  trip  ;  ,  host  on,  Massachuset  ts  was  made  on  August  It1  :  , 

1  ■  i-j  •  ,  visit  trie  Air  force  Geophysics  Laboratory.  I  reported  on 

'.se  preliminary  results  of  my  research  to  Dr.  Arnold  Barnes,  who 

•  i  I  .  1 1  j  go  , '.  ed  this  study  of  millimeter  wave  attenuation  under  a 

,  'e.1,11',  summer  research  grant.  He  also  provided  an  update  to  me 
.  r .  'tie  results  of  a  similar  effort  he  is  directing.  My  results 

were  nut  surprising  in  light  of  his  experience.  The  procedures 
hu  i  ,  using  should  help  to  avoid  some  of  the  meteorol og l c a  1 

uncertainty  in  path  differences  between  radiometer  and 
m i  c r  ipt ,  , s i  ;  s  data.  He  encouraged  me  to  consider  investigations 

m  *  h  i  ■  .fw  - 1  ;  i  i  cj  layer  since  this  produces  significant  effects 
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i  ili  a  A  art  * 


/V  ’j>  - 


which  have  not,  as  ,et  ,  been  adequately-  treated.  While  in  Boston 
I  acquired  some  software  needed  on  the  nicrocamputer  at  Christian 
Heritage  College  t  c,  display  graphical  output  and  transfer  files 
from  the  CRAY.  These  were  subsequently  installed  and  used 
oper at l on a  1  1 y . 


I.UNCLIJS  I  [JNS  AND  Wti:i)nrihNDA  I  IDNS 


and  calculated  values  cf  attenuation  snow  poor 
;r  -  .  >  I  it  i  .  )i .  .  liven  if  adjustments  are  made  for  a  wet  antenna  and 
r>  i  i  ,i  nq  data  below  1  km  trie  attenuation  measured  by  the 
'  a  diameter  is  much  greater  than  the  calculated  attenuation  ter 
-uses  1  and  '1.  In  Cases  and  4  the  measured  attenuation  i  s  much 
less  than  the  calculated  attenuation.  For  Case  4  the  calculated 
attenuation  is  s  t  r onq 1 y  influenced  by  a  single  value  in  the 
m.  ■  1  t  1  n g  1  a  y  er  . 

ft  y  investigating  the  aircraft,  radar,  and  precipitation  gage 
data  in  some  detail  it  is  apparent  that  there  are  two  reasons  why 
the  measured  and  calculated  values  of  attenuatior  disagree:  1) 

aircraft  flights  on ly  slightly  divergent  from  the  path  between 
the  satellite  beacon  and  the  r  ad l ome t  er  pr  oduc  e  significantly 
different  results,  even  in  relatively  uniform  precipitation,  and 
trie  effect  of  melting  hydro  meteors  on  attenuation  are  h  i  gn  ,  y 
rar ladle  compared  to  the  simple  algorithms  used  in  these 
c  a  1 c  u 1  at i ons . 

’’ifj  expectation  for  this  study  was  that  the  orographic 
;ir  ■  :  ipi  ration  upwind  of  the  Sierra  Nevada  was  sufficiently 
uniform  in  space  and  ti me  that  aircraft  transects  close  to  the 
radiometer  would  provide  microphysics  data  characteristic  of  the 
path  between  the  beacon  and  radiometer.  It  is  now  c 1  ear  from 
tf  is  stud/  and  Vardiman  and  Peterson  (19851  that  the  variation  in 
h  /(Irometeor  concentration  seen  by  the  radiometer  and  aircraft  is 
‘  ,  p ;  groat  for  a  valid  comparison.  First,  the  aircraft  path,  even 


.  i  . ,  r  i  .  .  - 1  >  iIuij  to  convect  i  )n  and  drift  of  h>  ilr  o,Tieti?i:''  b  a  r  *’  ‘id 

'  i  tfi.it  t  he  aircraft  cannot  tale  measurements  along  a  patn  of 

tens  n  t  ’  i  1  ometers  wh  i  c  h  are  characteristic  of  the  radiometer 
path.  When  aircraft  paths  are  tal en  which  approximate  the 
radiometer  path,  additional  complications  ar l se  because  of 
, } r  ad i  er  1 1  y  in  p r ec l p i  t a t i on  intensity  up  the  foothills  df  the 
di  (*r  '  ,i  N* » ■,  rid  d  . 

It  IS  recommended  that  future  data  acquistion  of  this  t y  p  •  ? 
tie  nade  in  such  a  way  that  microphysics  data  be  more  represen 
t  a  *  i  / e  o t  conditions  in  the  same  path  over  wh ich  a  t  t  enu  a  t  ion 
measurements  are  made.  This  could  be  accomplished  in  either  of 
two  ways.  The  path  over  which  the  two  measurements  are  made 
could  he  shortened  and  made  more  horizontal  to  allow  faster, 
p,r.  i  par  a  1  lei  .n  i  c  r  op  h  y  s  i  c  s  measur  emeri  ts  to  be  tal  en.  It 
unit  amity  in  riydrometeor  distributions  could  he  assured  in  bath 
space  and  time,  the  procedure  used  in  this  study  could  again  be 
attempted.  However ,  since  heavy  p r ec l p i t a t i on  is  needed  for 
strung  attenuation,  and  heavy  precipitation  is  normal  1 v 
associated  with  non-uniform  c  on  ditions,  the  first  solution  is 
probably  the  better  of  the  two  approaches. 

In  addition  to  the  different  hydrometeor  concentr  ations 
obser  ,ed  in  space  and  time,  another  reason  for  the  poor 
correlation  between  measured  and  calculated  values  of  attenuation 
i  s  trie  effect  of  melting  hyrircmeteors.  It  has  been  Innwn  for 
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ABSTRACT 


This  report  is  concerned  with  the  assessment  and  improvement  of 
stability  and  methodology  contained  in  a  computer  program  being  devel¬ 
oped  by  the  Design  Branch  of  the  Air  Force  Flight  Dynamics  Laboratory 
(AFWAL/FIAD) .  A  comparison  of  stability  derivatives  obtained  using 
the  Stability  and  Control  Conputer  Program-SACP-  and  test  data  for  the 
C-5A  and  F-4C  is  presented,  as  well  as  a  comparison  of  results  obtauned 
by  SACP  and  the  Digital  Datcom  computer  program  for  a  wing- body- tail 
configuration.  Excellent  agreement  with  Digital  Datcom  was  found;  whereas 
in  the  case  of  the  C-5A  and  F-4C,  some  of  the  stability  derivatives  pre¬ 
dicted  by  SACP  agreed  very  well  with  test  data  and  some  did  not. 

Although  the  present  accuracy  level  of  SACP  is  sufficient  for  conceptual 
aircraft  design,  incorporation  of  the  recommendations  contained  in  this 
report  should  lead  to  improved  stability  and  control  estimates  by  SACP. 


1.0  INTRODUCTION 


The  Stability  and  Control  Program  (.SACP)  is  a  computer 
program  for  predicting  stability  and  control  characteristics  of 
aircraft  at  the  conceptual  design  level.  The  program  was 
developed  as  an  in-house  effort  by  the  Design  Branch  (AFWAL/FIAD 
to  acquire  the  ability  to  analyze  newly  created  aircraft  designs 
comprehensively,  yet  in  a  rapid  and  efficient  manner. 

Documentation  of  SACP  is  contained  in  two  volumes.  Volume  I 
documents  methods  used  in  the  program,  and  Voi.II  is  a  user's 
manual  and  computer  program  description  of  SACP. 

This  report  contains  the  results  of  a  preliminary 
investigation  to  assess  the  ability  of  SACP  to  provide  credible 
stability  and  control  parameter  estimates  in  a  conceptual  design 
environment.  The  report  also  contains  input  files  for  several 
aircraft  configurations,  which  should  be  useful  to  new  users  of 
SACP. 

Complete  aircraft  investigated  were  of  the  transport  type-C- 
5A,  and  the  fighter  type-F-4C.  Motivation  for  selecting  these 
aircraft  was  that  comparison  data  for  these  aircraft  was 

available  in  a  widely  referenced  report  by  Heffiey  and  Jewell 
(1).  Data  in  Ref.(l)  was  based  on  a  combination  of  wind 
tunnel,  flight,  and  estimated  data.  Additional  comparison  data 
for  the  F-4C  was  also  available  in  a  report  by  Place,  et  al  (2). 
These  aircraft  also  demonstrate  and  exercise  some  of  the  features 
of  the  program  such  as  accounting  for  the  pronounced  negative 
dihedral  of  the  horizontal  stabilizer  on  the  F-4C. 

Simple  wing-body-tail  and  wing-body  configurations  were  also 
investigated  to  provide  a  means  of  verifying  methodology  and 
program  coding.  These  examples  were  taken  from  Digital  Datcom 
(3),  and  Engineering  Sciences  Data  Units- ESDU(  4  } .  Input  data  for 
these  cases  are  quite  straight  forward  and  removes  the  factor  of 
judgment,  present  for  complex  configurations,  as  a  reason  for 
non-correlation  of  results. 

The  report  is  organized  in  the  following  manner:  first  the 

results  of  the  C-5A  and  F-4C  test  cases  are  discussed,  next  the 
results  for  the  example  test  cases  are  presented,  and  finally 
conclusions  and  recommendations  for  improvement  in  the 
methodology  for  computing  certain  stability  derivatives  are 
listed. 


2.0  C-5  AND  F-4  TEST  CASES 


In  addition  to  representing  two  different  classes  of 
aircraft,  the  C-5  and  F-4  represent  two  very  distinct 

configurations.  The  C-5’s  T-tail  and  high-wing  configuration  is 

a  contrast  to  the  F-4's  fuseiage-mounted-anhederal-horizontal 
tailplane,  and  low- wing  configuration.  These  aircraft 

configurations  should  push  the  boundaries  of  the  data  base  upon 
which  many  of  the  empirical  methods  in  SACP  are  based  and  provide 
excellent  test  cases. 

2.1  INPUT  DATA 

Configuration  data  for  the  C-5  and  F-4  was  obtained  by 
scaling  the  three-view  drawings  contained  in  reference  1 .  Other 
pertinent  data  was  obtained  from  Lockheed  and  McDonnell  Douglas 
reports  as  well  as  other  sources.  Figure  1  contains  the  input 
data  for  the  C-5  as  well  as  an  illustration  of  some  of  the  input 
parameters.  Input  data  for  the  F-4  is  contained  in  figure  4. 

Modeling  of  both  configurations,  aside  from  the  inherent 
errors  in  scaling  from  a  photocopy,  was  straight  forward  with  the 
exception  of  the  definition  of  the  effective  area  of  the  vertical 
tail.  One  method  of  controlling  the  effective  tail  area  is  with 
the  input  parameter  ZCREV,  Z  location  of  the  vertical  tail 
exposed  root  chord,  along  with  the  geometric  parameters  of  the 
exposed  vertical  tail.  The  effect  of  ZCREV  on  the  C-5 
configuration  is  discussed  in  the  results  section. 

2.2  RESULTS 

Figures  2  and  3  contain  C-5  stability  derivatives  calculated 
by  SACP  along  with  comparison  values  obtained  from  ref.l.  Figure 
2  contains  stability  derivatives  obtained  with  the  vertical  tail 
of  the  C-5  modeled  such  that  the  effective  area  of  the  vertical 
tail  is  equal  to  the  exposed  area.  Figure  3  illustrates  the 
effect  of  using  the  theoretical  vertical  tail  area  (  35%  greater 
than  the  exposed  area)  as  the  effective  area  on  the  C-5  lateral 
stability  derivatives.  Longitudinal  stability  derivatives  are 
only  very  slightly  effected  by  the  size  of  the  vertical  tail. 

In  addition  to  the  stability  derivatives  for  the  F-4 
calculated  by  SACP  and  the  comparison  values  from  ref.l,  figure  5 
contains  stability  derivatives  estimated  by  a  computer  program, 
ref.  2--" Interactive  Computer-Aided  Design  Aircraft  Flying 
Qualities  Program"  —  FQP--developed  by  the  Convair  Division  of 
General  Dynamics.  The  figure  also  contains  comparison  F-4 
stability  data  extracted  from  ref.  2.  The  source  of  this  data, 
like  that  of  ref.l,  is  from  wind  tunnel  and  flight  test  data  and 
will  certainly  represent  trends;  howver,  both  references  caution 
that  discrepanies  between  actual  and  presented  data  may  exist. 

It  should  be  further  be  noted  that  the  F-4  reference  data  from 
ref.  2  is  for  a  flight  altitude  of  55,000  ft,  whereas  the  data 
from  ref.l  is  for  35,000  up  to  45,000  ft.  In  general,  the 
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reference  data  from  both  sources  quite  well,  as  is  evident  !:■> >m 
figure  5. 

The  geometric  references  for  the  C-5  and  F-4  comparison 
stability  derivatives,  taken  from  references  1  and  2,  are  shown 
in  the  input  data  (figures  1  and  4).  Stability  derivative 
reference  data  for  the  SACP  calculated  values  are  listed  below: 

C-5  Reference  quantities: 

Area  =  6200  sq  ft 

Longitudinal(MAC)  =  32.8  ft 

Lateral(b)  =  223.5  ft 

F-4  Reference  quantities 

Area  =  530  sq  ft 

Longitudinal(MAC )  =  14.9  ft 

Lateral(b)  =  38.3  ft 

Although  the  area  can  be  input  as  a  reference  quantity, 
this  in  not  the  case  for  the  longitudinal  and  lateral  reference 
quantities.  It  would  be  useful  to  add  to  SACP  the  option  of 
inputing  the  logitudinal  and  lateral  reference  parameters. 

2.2.1  C-L-ALPHA 

Derivative  of  the  lift  coefficient  with  respect  to  the 
angle  of  attack  (C-L-ALPHA)  for  the  C-5  and  F-4  is  shown  in 
figures  2  and  5  respectively.  F-4  C-L-ALPHA  estimates  by  SACP 
and  FQP  agree  with  both  references  quite  well.  C-5  estimates  for 
C-L-ALHPA  by  SACP  is  high  for  all  Mach  numbers  but  highest  for 
Mach  =  .8.  C-L-ALPHA  =  8.12/rad  at  this  Mach  and  the  reference 
angle  of  attack  of  .1  degrees.  At  the  same  Mach,  but  at  an  angle 
of  attack  of  2.2  degrees,  SACP  estimates  C-L-ALPHA  =  3. 67  /rad. 

This  large  decrease  in  C-L-ALPHA  is  due  to  discontinuity  between 
calculation  "zones"  in  SACP.  Removal  of  these  large 
discontinuities  across  zones  is  an  area  in  which  SACP  could  be 
improved . 

Theroretical  wing  area  calculated  for  the  C-5  by  SACP  is 
seven  percent  higher  than  the  reference  area  for  the  C-5  which 
contributes  to  the  higher  value  of  C-L-ALPHA.  Methods  by  which 
the  theoretical  wing  is  defined  is  another  possible  area  in  SACP 
where  accuracy  might  be  improved.  Reference  4  contains  an 
interesting  method  for  defining  an  equivalent  wing,  which  is 
similar  the  theoretical  wing  defined  in  SACP,  is  discussed  in 
section  3. 

2.2.2  C-M- ALPHA 

Estimates  of  the  derivative  of  the  pitching-moment 
coefficient  with  respect  to  the  angle  of  attack  (C-M- ALPHA)  by 
SACP  and  FQP  for  the  F-4  show  good  agreement  with  the  reference 
data  as  indicated  in  figure  5.  Estimates  for  the  C-5  tor  this 


parameter  are  again  shown  to  be  of  higher  magnitude  than  the 
reference  value  in  figure  2.  This  is  not  surprising  since: 

C-M-ALPHA=(C-L-ALPHA)*(XCG  -  XAC)/MAC 

XCG  =  Distance  of  center  of  gravity  from  aircraft  nose. 

XAC  =  Distance  of  aerodynamic  center  from  aircraft  nose. 

MAC  =  Mean  aerodynamic  chord. 

This  relationship  illustrates  that  a  high  value  of  C-L-ALPHA,  as 
well  as  a  farther  aft  position  of  the  aerodynamic  center,  will 
produce  a  higher  magnitude  of  C-M- ALPHA. 

2.2.3  C-M-Q  and  C-M-ALPHA  DOT 

Variation  of  moment  coefficient  with  pitch  rate  (C-M-Q)  and 
angle-of-attack  rate  (C-M-ALHPA  DOT)  are  shown  in  figures  2  and  5 
for  the  C-5  and  F-4  respectively.  The  comparison  between  the 
estimated  and  reference  data  for  the  C-5  is  quite  good;  however, 
both  SACP  and  FQP  tend  to  overestimate  the  magnitude  of  these 
derivatives  for  all  Mach  numbers  for  the  F-4.  SACP  estimates  for 
both  derivates  are  much  better  than  FQP  for  the  F-4  except  at 
Mach  1.2. 

The  methods  in  SACP  for  computing  these  derivatives  for  the 
C-4  and  the  F-4  consider  them  to  be  a  function  of  the  lift  slope 
of  the  horizontal  tail  and  the  square  of  the  horizontal  tail  arm. 

It  would  appear  that  the  methodology  overestimates  the  power  of 
the  horizontal  tail,  especially  for  the  F-4. 

2.2.4  C-N-BETA 

The  variation  of  yawing  moment  coefficient  with  side  slip 
angle  (C-N-BETA)  is  shown  for  the  C-5  in  figures  2  and  3,  and 
for  the  F-4  in  figure  5. 

Data  in  figure  2  is  for  the  C-5  with  the  vertical  tail 
modeled  such  that  the  exposed  area  is  the  effective  area.  This 
modeling  results  in  the  C-N-BETA  being  substantially  under 
estimated  compared  with  the  reference  data  for  all  Mach  numbers 
except  Mach  .4.  At  Mach  .4  the  angle-of-attack  is  9  degrees 
and  wing  contributes  a  significant  amount  to  the  total  C-N-BETA. 
This  is  not  the  case  for  the  higher  Mach  numbers  and 

corresponding  lower  lift  coefficients. 

Figure  3  shows  the  effect  of  modeling  the  vertical  tail 
such  that  the  theoretical  area  of  the  tail  is  the  effective  area. 
Theoretical  vertical  tail  area  is  computed  by  extending  the 
vertical  tail  to  the  longitudinal  axis  of  the  aircraft.  This 
results  in  an  approximately  35%  increase  in  the  effective  area 
for  the  C-5  and,  as  can  be  seen  from  figure  3,  results  in  an 
overestimation  of  C-N-BETA  by  about  the  same  amount  as  the 
exposed  area  modeling  underestimated  the  parameter. 
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Size  or'  the  vertical  rail  is  not  the  only  factor  that  could 
account  for  the  underestimation  of  C-N'-BETA  for  the  C-5  in  figure 
2.  The  effective  aspect  ratio  used  to  compute  the  slope  of  the 
iift  curve  for  the  vertical  tail  is  also  a  factor.  SACP  does  not 
account  for  the  variation  of  horizontal  tail  position  on  the 
vertical  tail  in  computing  the  slope  of  the  lift  curve  for  the 
vertical  tail.  In  the  case  of  the  T-tailed  C-5,  this  would  tend 
to  underestimate  the  directional  stabilizing  power  of  the 
vertical  tail  in  side  slip. 

Body  and  nacelle  geometry  are  also  factors  in  determining 
C-N-BETA.  For  the  C-5  these  components  are  destabilizing.  Body 
side  area  is  an  important  parameter  in  determining  C-N-BETA. 
Body  geometry  input  definition  is  another  area  where  an 
improvement  could  be  made  in  SACP.  The  better  the  side  area 
definition  for  a  configuration-~the  better  the  estimate  for  the 
body  contribution  to  C-N-BETA. 

Figure  5  indicates  that  for  the  F-4,  both  SACP  and  FQP  do 
an  excellent  job  of  estimating  C-N-BETA  subsonically  and  SACP 
quite  well  supersonically;  however,  FQP  over  estimates  the 
parameter  dramatically  at  the  higher  supersonic  Mach  numbers. 


2.2.5  C-N-R 

Variation  of  yawing  moment  with  yaw  rate  (C-N-R)  is  shown 
for  the  C-5  in  figures  2  and  3  and  for  the  F-4  in  figure  5.  Data 
shown  in  figure  2  is  for  the  C-5  modeled  with  the  effective 
vertical  tail  area  based  on  the  exposed  area  which  yields  good 
agreement  with  the  comparison  data  for  the  C-N-R  parameter. 
Whereas  the  data  shown  in  figure  3  for  the  C-5  modeled  with  the 
larger  theoretical  vertical  tail  area,  overestimates  the 
magnitude  of  the  parameter. 

The  method  for  determining  the  magnitude  of  C-N-R  is 
essentially  the  same  as  for  C-N-BETA,  except  that  C-N-R  does  not 
contain  a  body  or  nacelle  contribution.  This  would  indicate  that 
the  magnitude  for  the  body  and  nacelle  contributions  to  C-N-BETA 
could  be  overestimated  for  the  C-5. 

Figure  5  indicates  that  FQP  estimates  C-N-R  well  for  the  F- 
4  for  the  subsonic  Mach  numbers,  and  not  so  well  for  the 
supersonic  Mach  numbers.  SACP,  on  the  other  hand,  underestimates 
C-N-R  badly  at  all  Mach  numbers.  This  can  be  attributed,  at 
least  in  part,  to  the  fact  that  SACP  does  not  include  the 
contribution  of  the  vertical  component  of  the  horizontal  tail  in 
the  calculation  of  C-N-R  as  it  does  in  the  computation  of  C-N- 
BETA.  Inclusion  of  the  vertical  component  of  the  horizontal  tail 
in  the  computation  of  C-N-R  should  lead  to  a  better  estimate  of 
this  parameter  for  the  F-4  as  well  as  other  configurations  with  a 
horizontal  tail  of  pronouced  anhedral  or  dihedral. 


Variation  of  rolling  moment  with  roll  rate  (C-L-P)  is 

shown  for  the  C-5  in  figure  2  and  for  the  F-4  in  figure  5.  For 

the  C-5,  SACP  overestimates  the  magnitude  of  C-L-P,  and  for  the 
F-4,  both  SACP  and  FQP  agree  very  well  with  the  reference  data 
for  subsonic  Mach  numbers.  Although  SACP  indicates  the  proper 
trend  at  supersonic  speeds,  the  magnitude  of  C-L-P  is  high 
compared  to  the  reference  values.  At  Mach  numbers  1.5  and  2.15, 
SACP  and  FQP  agree  quite  well  in  the  esitmates  for  C-L-P. 

2.2.7  C-L-BETA 

Variation  of  the  rolling  moment  coefficient  with  side  slip 
(C-L-BETA)  is  given  in  figures  2  and  3  for  the  C-5,  and  in  figure 
5  for  the  F-4.  The  data  in  figure  2  indicates  that  SACP 
underestimates  the  magnitude  of  C-L-BETA  for  the  C-5,  while  the 
data  in  figure  5  shows  SACP  overestimates  the  magnitude  C-L-BETA 
for  the  F-4  at  all  Mach  numbers.  Although  modeling  the  C-5's 
vertical  tail  with  a  larger  effective  area  leads  to  a  closer 
agreement  with  the  reference  data  for  C-L-BETA,  as  shown  in 
figure  3,  C-L-BETA  is  still  low  in  magnitude.  Accounting  for  the 
effect  of  the  horizontal  tail  on  the  vertical  tail  in  the  case  of 
the  T-tailed  C-5,  could  increase  the  vertical  moment  arm  of  the 
vertical  tail  and  increase  its  effectiveness  in  roll  power 
thereby  increasing  the  magnitude  of  C-L-BETA. 

The  C-5  and  F-4  aircraft  investigated  in  this  section 
represent  fairly  complex  configurations .  Inaccuracies  in  scaling 
the  small  drawings  to  obtain  the  input  data  must  also  be 
considered  when  comparing  the  computed  and  test  stability 
derivatives  presented  in  this  section.  The  next  section  contains 
the  application  of  SACP  to  the  solution  of  some  example 

configurations  which  appear  in  Digital  Datcom  (3)  amd  ESDU  (4). 


3.0  Example  Problems 


This  section  contains  the  results  of  SACP  applied  to 
example  problems  taken  from  Digital  Datcom  (3)  and  ESDU(4).  The 
example  problems  involve  a  wing-body-tail,  and  a  wing-body 
configuration . 

3.1  Wing- Body-Tail 

The  first  example  problem  is  a  wing-body-tail  problem  taken 
from  Digital  Datcom.  In  this  example,  stability  derivatives 
calculated  by  SACP  are  compared  with  those  calculated  by  the 
Digital  Datcom  computer  program. 

3.1.1  Input 

Input  data  for  the  wing-body-tail  configruation,  example 
problem  3  in  Digital  Datcom,  is  shown  in  figure  6.  As  can  be 
seen  from  the  figure  it  is  a  relatively  simple  mid-wing 
configuration . 

3.1.2  Results 

Comparison  of  the  values  of  stability  derivatives  obtained 
by  SACP  and  the  Digital  Datcom  computer  program  for  the  wing- 
body-tail  configuration  is  shown  in  figure  7.  The  symbols  for 
the  stability  derivatives  are  the  same  as  those  defined  in 
section  2.  As  is  shown  in  figure  7,  excellent  agreement  exists 
between  SACP  and  Digital  Datcom  for  each  of  the  stability 
derivatives . 


3.2  Wing-Body  combination 

An  example  problem  concerning  a  wing-body  combination  from 
ESDU  is  presented  to  compare  the  aerodynamic  center  computed  by 
SACP,  with  those  computed  by  methods  contained  in  ESDU. 

The  wing  of  the  wing- body  problem  is  of  the  type  which  can 
be  modeled  by  three  panels  in  the  SACP.  This  allows  a  comparison 
of  the  theoretical  wing  defined  by  the  various  options  in  SACP 
with  the  theoretical  wing  defined  by  ESDU  methods. 


3.2.1  Input 

Input  data  for  the  wing-body  problem  is  shown  in  figure  8. 

3.2.2  Results 

Figure  3  contains  graphical  output  by  SACP  of  the  actual 
wing  and  theoretical  wing,  for  the  theoretical  wing  defined  by 
panels  l,  2,  3,  and  an  average  of  all  three  panels.  This  figure 

indicates  that  the  theoretical  wing  defined  by  wing  panel  3  and 
the  average  of  all  wing  three  panels  represent  the  actual  wing 
best  of  the  options  available. 
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Table  I  contains  the  wing  parameters  for  the  theoretical 
wing  defined  by  panel  3  and  the  average  of  all  panels.  Wing 
parameters  for  the  wing  defined  by  ESDU  methods  are  also  included 
in  table  1.  The  ESDU  theoretical  wing,  or  equivalent  wing  as  it 
is  called  in  ESDU,  is  defined  as  an  equivalent  tapered  wing  with 
the  same  tip  chord,  span,  and  exposed  area  as  the  actual  wing. 
The  root  chord  at  the  center  Line  of  the  aircraft  is  computed  to 
define  the  equivalent  wing  according  to  the  above  constraints. 


Theoretical  wing  definition  is  important  in  the  computation 
of  stability  derivative  coefficients  for  two  reasons.  First, 
theoretical  wing  parameters  are  used  to  compute  the  slope  of  the 
lift  curve  C-L- ALPHA,  in  SACP.  And  second,  if  the  theoretical 
wing  area  is  selected  to  be  the  reference  area,  then  the  relative 
effectiveness  of  all  other  surfaces  as  well  as  all  stability 
coefficients  will  be  effected.  If  the  theoretical  wing  area,  is 
not  chosen  as  the  reference  area,  wing  parameters  such  as  C-L- 
ALPHA  and  C-M- ALPHA  will  be  effected.  These  parameters  will  be 
effected  by  an  amount  directly  proportional  to  the  ratio  of  the 
calculated  theoretical  wing  area  to  reference  area. 


One  of  the  most  striking  differences  between  SACP  and  ESDU 
wing  parameters  shown  in  table  I,  is  the  40%  difference  in 
aerodynamic  center  location  in  percent  mean  aerodynamic  chord. 

It  should  be  noted  that  SACP  does  not  calculate  the  aerodynamic 
center  from  the  theoretical  wing  but  from  a  weighted  average  of 
the  individual  panels  of  the  actual  wing  (three  in  this  example) 
and  then  refers  the  aerodynamic  center  to  the  mean  aerodynamic 
chord  of  the  calculated  theoretical  wing. 


Data  in  table  2  shows  that  the  body  correction  to  the  wing 
aerodynamic  center  is  about  the  same  for  each  method  of  defining 
the  theoretical  surface,  when  the  size  of  the  mean  aerodynamic 
chord  is  considered.  The  data  also  shows  that,  although  there  is 
a  difference  in  aerodynamic  center  location  when  referred  to  the 
mean  areodynamic  chord  for  the  two  theoretical  wings  defined  by 
SACP,  there  is  no  difference  when  referred  to  the  nose  of  the 
fuselage.  The  data  in  table  2  also  shows  that  the  aerodynamic 
center  estimated  by  SACP  for  the  three-panel  wing-body 
combination  is  2.2  ft  farther  aft  than  that  estimated  by  ESDU 
methods.  Accuracy  of  ESDU  methods  are  claimed  to  be  within  plus 
or  minus  0.5  ft  for  this  configuration.  A  potential  area  of 
improvement  in  SACP  is  in  the  method  of  computing  the  aerodynamic 
center  of  multi-panel  wings. 


4.0  Conclusions  and  Recommendations 


* 

s 


c. 


Based  on  the  data  presented  in  this  report  and  experience 
gamed  using  the  Stability  and  Control  Program  (SACP)  during  the 
course  of  this  study,  the  following  conclusions  and 
recommendations  are  made: 

4.1.  Conclusions 

1) .  The  SACP  is  a  flexible  and  easy  to  use  computer 

program  which  estimates  stability  derivatives  quickly  for  a  wide 
range  of  configurations  over  a  wide  range  of  flight  conditions. 

The  program  structure  is  well  designed.  Graphical  output  options 
are  extensive  and  excellent  data  graphs  are  produced. 

2) .  Comparison  of  the  stability  derivatives 
estimated  by  SACP  for  the  F-4C  agree  well  with  test  data  at  most 
Mach  numbers  except  for  the  yaw-damping,  C-N'-R,  and  the  roll  due 
to  si  ’e-slip,  C-L-BETA,  derivatives.  (Section  2.0) 

3) .  Stability  data  estimates  by  SACP  for  the  C-5A 

compared  with  test  data  indicate  good  agreement  for  the  pitch 
damping,  C-M-Q,  yaw  damping,  C-N-R,  and  roll  damping,  C-L-P, 
derivatives;  only  fair  agreement  for  the  longitudinal  derivatives 
C-L-ALPHA  and  C-M-ALPHA;  and  poor  agreement  for  the  yaw  due  to  side¬ 
slip,  C-N-BETA,  and  roll  due  to  side-slip,  C-L-BETA, 

derivatives.  (Section  2.0) 

4).  Agreement  of  SACP  estimates  of  stability 
derivatives  with  those  computed  by  Digital  Datcom  for  a  wing- 
body-tail  example  configuration  is  excellent.  (Section  3.0) 

4.2.  Recommendations 

Recommendations  for  possible  areas  of  methodology 
improvement  are  based  on  observations  from  using  the  Stability  and 
Control  Program  (SACP)  over  the  course  of  this  investigation. 

1) .  Add  the  option  to  SACP  of  using  the  ESDU  Ref.  (4) 
method  of  defining  an  equivalent  wing.  This  could  lead  to  a 
better  definition  of  the  theoretical  wing  area  of  a  multi-panel 
wing,  and  thus  give  a  better  estimate  of  C-L-ALPHA. 

2) .  Check  the  present  method  in  SACP  of  calculating  the 
aerodynamic  center  of  a  multi-panel  surface.  The  present  method 
appears  to  predict  the  aerodynamic  center  too  far  aft  for  multi¬ 
panel  surfaces  effecting  the  level  of  accuracy  of  C-M-ALPHA. 

3) .  Include  the  vertical  component  of  the  horizontal 
tail  in  the  computation  of  the  yaw  damping  derivative,  C-N-R. 

This  would  improve  the  estimate  of  C-N-R  for  the  F-4  and  other 
aircraft  with  a  pronounced  anhedral  or  dihedral  of  the  horizontal 
tail. 


77-10 


4) .  Include  the  effect  of  the  horizontal  tail  plane 
position  on  the  stabilizing  and  rolling  power  of  the  vertical 
tail.  Thus  would  improve  the  accuracy  ot  C-N’-BETA  and  C-L-BE 
predictions  for  a  T-tail  configuration  like  the  C-5. 

5)  Consider  refining  body  geometry  input  definition 
so  that  more  accurate  body  side  area  and  body  surface  area  values 
are  available  for  all  configurations .  An  increase  in  accuracy  in 
the  estimation  of  C-N-BETA  should  result  from  a  more  accurate 
body  side  area  definition. 

The  Stability  and  Control  Program  is  an  excellent  computer 
program  which  fulfills  a  need  for  rapid,  efficient  estimation  of 
stability  derivatives  of  flight  vehicles  at  the  conceptual  design 
stage.  Although  the  current  predicton  accuracy  is  sufficient  for 
this  level  of  design,  further  use  and  testing  of  the  program  will 
continue  to  improve  its  accuracy. 
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C-5A  TEST  CmSE  INPUT  DATA 
0 1 000000000000000000 1 00000000 
(CLASS  ICLASS=3, 

TEND 

(KING  XATW=3.CREW=42. aA.CSAM=638. 23. IEJ TH=00.00. WTFDD=00.00, 
1CREN=?3. 21 , INTED=0,3DK=25.31, 1 W=2. 5, SEI 18=00.00, 
NPANSM=2.SL£IT«=00.00,NPTHW=0 ,  XTCf1H=.  00,  YCREH=1 1 .  B8, 
TCREN*.l25,NrF0'J=OO.O0,A[LY=207.5,MTFS=0O.0O, 

AILDD=i5.00. ZCREM=1 l .25,AILC=5.94, IFLEX«=0, 
AILS=45.00,AILDU=-25.0,KTFC=00.00,iiTFY =00. 00 , 

WTF  A=00 . 00 . A ILA=252 . 79 , HSPAHP ( 1 ) =34. 87, NSPANP  (21=43.0, 

NO (HP (t I =-S.08,ND[HP<2i=-5.08,MCTP(l) =28. 13, 

KCTP ( 2)  =  15. J4 1 WSPLEP ( 1 ) =28. 0 , MSPLEP (2) =28. 0 , WTQCP ( 1 ) =. 10, 

MTOCP ( 2) =.097, 

(END 

(CANARO 

(END 

(HORZT  ELEY=2.50,TCREH=. 10 ,ELEDU=-25 . 0 . YCREH=5. 0 , NPTHH=0 , 

ELEC=5. 0, ELES=50. 00 ,HTDO=- 12. 0, XCftEH=2l 7 . 86 , HT0U=4. 0, 

ELEDD= 1 5. 00 . NATH=00 ,CSAH=24 . S9 ,  . 00 , 

MPAMSH= 1 , IFCETH=0 ,EL€A=258. 67 . 1 HTED= 3 , IH=00. 00, 

ZCREH=33. 75,CREH= 1 9. 75,SE1TH=00.00, IHTAIL=1 , 

B0H=5.i3.XTC«H- . 00, YEI TH-OO. 00 .HSPANP ( I) =29. 34, 

HSPLEPU  1*30.0,  H0IHP(l)=-5.O,  HCTP(1)=7. 71,  HTOCP(l>  =  .  10, 

(ENO 

(VERTT  IVTA1L=1 ,LVERT=1 , NATV=00 ,RUDA ( 1 ) = 1 27 . 08 ,RUOA ( 2) =99 . 58 , VNO U ) = l , 
IEUVU)  =  195.00.VCTP(  1  ,11=24.75,  TCREVdl*.  10,YCREV<  1 1=0, 

VSPANP (1,11=31.25, XCREV (11=194.88, VSPLEP ( 1 , 1 i =37 . 0 , 
NPANSV(l)=l.RUOD£L(l 1=35.0, RUOOEL (21= 35.0. RUDY(l)=2.0, 

RUDY (21=14. 25, ZCREV1 l )=5.011VTED(1I=21BDV(1)=11.13, 

CRE V ( 1 1 =30. 4 J , CSAV ( 1 1 =97 . 29 , RUOS ( 1 1 = 1 5 . 4 3 , RUOS ( 2)  =  1 5 . 43 , 

RUDC ( 1 ) =7. 5 ,RUDC (21=7. 5, VTOCP ( 1 , 1 )  =  .  10, 


(FUSE  8BASE=00.00,I80DY=l,BHiG2=20.00,BAHI=712.5,BLAFT=87.5, 
8ABS=00.00,BM!02=2l.43.80NQS£=23.75,BKH=24.375, 
BLB=230.4,8NID1=23.75,BUSA=12.00,BLN=24.79, 
8NOSE=0.00,8HHU=t.08,8«N=23.75,8HIGl=24.88,8HB=24.a8, 

(END 

(NACELLE  ELEN! 11=25. 9, EHIS1 (11=8. 75. EH ID2 C 1 ) =4 . 38 , ELBT < 1 1  =  15.0, 
EHI821  11=4. 38.  LNACdl  =l,EANItt)  =50. 0,EIN(  11=40.0, 

ELMS <11  =  10.0. SlNAC (1)=85.0,XNAC(2)=93.  75 , EMH (11=8. 75, 

ZNAC  < 1) =2.5, 2NAC (2) =-2.5,YNAC(l) =40.43,YNAC(2) =43. 13, 
ENQ(1)=4,ENN(11=8.75,NNACS=1,ENI 01(11=8.75, 

IFN ( 1 1=1.25, 

(ENO 

(NOflENT  117=2440000. ,111=27800000. ,177=54200000. , IYY=31800000. , 
(ENO 

(AEROK  LCE=99.7.IICD=0,NNAP=3,ITRIHD=0,SHK=00.00, 
ROUGHK=00.001NTR[flD=01FHlSC=.13,l«£U=0.00, 
SREF=4200.,NEISHT=454342.0,TCD=,00,ANC=40.00, 
1H6=.00.CD(1G=0.00, 7GLCG=15.00,flACH(  1 1  =  .  4,  .4, .  8,NLP=3, 

ALF 11)=. 1 .2.2,9. , 

ALK 1 1  =20000.  ,20000.  ,20000. , 

(END 

(PROP 

(END 

(SCRIT 

(ENO 

IHILIFT 

(END 

(OPTION 

(END 
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F-<C  INPUT  DATA 


•i  ) 


F-4  TEST  CASE 

OlOOOAOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
TCIASS  I CLASS-*, 

TEND 

(MINS  NhTW=3,CE?EW=18. 2,CSAM=45. 15. 

TC9E«=19.i0,!4TE0--l  ,SDN=5.70. 
NPANStT=2.NPTHH=0.nCHN=.40.YCRElM.44, 

TCREM=.044.AIIY=9.94. 

A1100=20.0.  ZCRENM .68,AILC=2. 76, IFLEIN-1 , 
AtlS=9.0.AtlDU=-20.0. 

KSPANPI21 -5. 46, MO  I  HP! 2)  =  12. , 

KCTP< l J -8. 70,WCTP(2>  =4.25, USPLEP (l)=5(.4l, WSPLEP  <2)=5t.41, 
AILA=12.42.HSPANP(U=9.24,«I0CPU  >=-04,WT0CP(2»=.03, 
40FFP(2)--J2, 

TEND 

ICANAPO 

•Eng 

THOR”  ELEV=00.90.TCSEH=.064.EltuU=C0.00,YCREH=t.20,NPTHH=0, 
HrDD=-:9.'MCPEH=4;.i,Hr:u=:o.o, 

NATH=3,CSAH=4.30. 

NP6NSH--|,;?l£lH:I,iHr£D  =  3. 

ZCREH=t.67.CREH=7.l9.1HTAIl=l, 

80H  =  2-  2 .  X TCfNH = .  40,HS?ANP(  I )  =  7. 79, 

HSPLEPti 1=42.0, HD 1HP (l)=-23-0, HCTP ( 1 >  =2. 1 6 , HTOCP ( 1 1  =  .03, 

TEND 

tVERTT  IVTAILM,LVERM  ,NATV*J,RUD«*U.  72,  VNOU)*l,VCTP<l,  11=3.83, 
NPTHVU)  =  1 . YCREV <  1  >  =0. 0 . VSPANP 1 1 , 1)  =4. 10.  ICREV(l)  =40. , 
VSPLEPd,  11=62.0.  NPANSvil)*l.IVTE0<ll*2,fiDV<U=4. 2, 

CREV ( I ) - 1 5. 57 .CSAV ( 1 1 *ZI . 0, ROOS ( l > -5. 03 ,RUOC ( I J  =2. 33 , 
RU0Y(n=3.8,ZCREVU>*.72,IVTED(lls2,TCR£Vtl)s.064, 

VTOCPU ,  I )  =  .03,  ITCMVU 1  =  .  40 , RUDDEL <  I )  =20. 0,  1  FIE  IV I  11  =  1, 

TEND 

TEIN 

TENO 

TEUSE  DBASE  =  . 1 .3HI62=6.90, BAHX =47.01 ,8LAFT  =  l 3.9, 

BASS-49. 5P,  cNI02=7. 42,?DN0SE=8. 74 ,5HH=7. 79, 

?18=56. .8*101=4.  I  ;,cUSA:21.0,BLN=I5.  . ?H8= 7.7s*, 
SNOSE=OO.CM),!800r--I,BNHU--.iO,3,l4-.3.74,BHtGI=5.7,J. 

TEND 

TNACELLE 

TEND 

THQHENT  IXZ*2177, 0. 111=25001 .0,112*1 J9759. Ot 177=122186. 0, 

TENO 

TAEROF  LC6=27.63, IICD=0.NNA?=5,SHF=00.00, 

ROUGHF=00.00,NrR[No=0,FNI$C:.  00,  INElRO.OO, 
SREF=530.Q,*£ISHT=38924.0,  XCD= . 00 , AHC=40. 00, 

2GLC6-8.  .NACHU 9, 1.2, 1.5, 2. 15, 
NIP=4.ALF(II*1.4,1.6,2.6,9.4, 

ALU  1 1=35000.  ,35000.  ,35000.  ,45000.  ,45000. , 

TEND 
IPROP 
TEND 
TSCRt  T 
TEND 

THRIFT  DS2l=00.00.CPFU  =  l  .00.DS2T=0Q.00.CPFR=1 .00, 

CPS  I T = 1 . 00 , CPS  1 1  =  1 . 00 ,CPF2L  =0 . 00 . OS I T  =00 . 00 , 

8510=0. 71 ,CPP2T=1.00.CPS2L-1.00.CSl=0.00, 

CS2=0.00,SF1!--.230,DS1L=00.00,8S20=0.96. 

lHLS=O,BflO=.45O,BF2l-O.OO.CPS2T=0.OO.BF20=0.O0, 

BSt  1  =0.37,3S2I=0.  71 ,0F1  T(  1 1  =40.ii,NFLAP(ll  =  1 , 

TENO 

TOPTION 

TEND 
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FIGURE  5(continued) 

F-4C  TEST  CASE 


C-W-Q  COMPARISON 


Z7~n  sacp  rr^  ref  i  MAC[ §22  ref  2  fop 


77-25 


FIGURE  5(continued) 


F-4C  TEST  CASE 

C-N-BETA  COMPARISON 
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DIGITAL  DATCOM 
W I NG - BOD Y -T A ! L  EXAMPLE 


FLIGHT  CONDITIONS:  MACH  NUMBERS  *  0  60.  0.10 

HEY  KOLOS  NUMBERS  PER  FT  =  2.3  1 10*.  3.04  1 10* 

SCHEDULED  ANGLES  OF  ATTACK  *  -2.0.  0.0.  2.0.  4.0.  S  O.  12.0.  16.0.  20  0.  24.0 

REFERENCE  PARAMETERS:  REFERENCE  AREA  *  2.25 
LONG.  REF  LENGTH  =  0.122 
LATERAL  REF  LENGTH  *  3.00 


*ING 

HORIZONTAL  TAIL 

VERTICAL  TAIL 

SEMISPAN 

I  SO 

0  67 

0  846 

EXPOSED  SEMISPAN 

1 23 

0.S2 

0.630 

ct 

0.346 

0  253 

0.42 

CR 

1  16 

0  420 

1.02 

AC  1 

<5° 

45° 

26.1 

AIRFOIL 

NACA  65A006 

NACA  6SA006 

NACA  63AOW 

REFER  TO  INPUT  DATA  FOR  BODY  AND  PROPELLER  PO*ER  DATA. 
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FIGURE  6( continued) 


INPUT  FOR  EXANPLE  PROBLEM  3  FROM  DIGITAL  DATCOM  «tF <3) 
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FENO 
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CREV(I)=.8S,TCREV(1I=.05, 

IVUMO.O, 
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I VTED ( I ) =0 , 

FENO 
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s. 
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PTRINO  <11=1.0,  FEND 
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FENO 
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FHILIFT  IHLS=0,  FENO 
FOPTIQN  FENO 


77-29 


FIGURE  7 


£?)  StoWity  co*cuid**or> 

rwf»f*nc#  pO>nt 


^  : '  Hit  iniliM!  I 


ESDU  W I HG-BODV  INPUT 
3 1 0000000000000 1 OOQOOOOOOOOO 
(CLASS  ICLASS=3 , 

SEND 

ININS  NATN=6,NPTHN=0,NPANSN=3,CSAN=135.256.BDN=13.  123,ITCHN=.50, 
CR£N*22. 944,  rCR£N=.  OS . ICREN--42.45I ,  TCREN=4. 542, 2CR£N=0. , 
NT0CP(I)c.06.NSPANP(l)s6.562,NCTP(ll=18. 373, 
NSPANP(2)*7.874,NCTP<2)=I5. 748,NSPLEP(llI25.,NSPLEP(2)sl7. . 
NSPANPIJ)=31.494,NCTPI31I9.843,NSPLEP(3)=I7. ,NT0CP(2)z.04, 
NT0CPI3)  =.04, 

SEND 

(CANARD 

(END 

IHORIT 

IENO 

IVE9TT 

(END 

(PIN 

IENO 

IPIJSE 

BANI  =  1 35.254, 1  BODY  =  1 . 8  L  B = 1 18. 1 1  .BONOSEM3. 12J.BHIS2-1 3. 123, 
B71NM3. 123.8NHM3. 123.8HISM3. 123,88102=13.  1 23, 8N 1 01  =  13. 1 23 
8ABS=.  001 ,8lN=22. 946  ,kAFT=22. 964, 

IENO 

(NACELLE 

IENO 

INONENT 

IENO 

IAEROK 

NHAP=1,HACH=.I,ALT(U*0.,NLP«=2, 

ALF(tl>.0(,4.. 

SREF=0.  ,LC6«l.23,ANCM0.  ,MTR  I  HD=0 ,  ME  I  BHT=  I .  ,ZSLCS=10. , 


•IGURE  9.  SACP  THEOR 


TT. 
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ABSTRACT 


Coarsening  of  erbium  oxide  was  studied  in  the  metastable  beta  titanium 
alloy  Ti-15V-3Al-3Sn-3Cr  during  isothermal  annealing.  Large  erbium  oxide 
dispersoids  (mean  particle  size  of  78  nm)  were  observed  in  the  surface '  laser 
melted  and  rapidly  solidified  condition.  Fine  erbium  oxide  particles  were 

©  o 

formed  on  annealing  at  870  C  (1600  F)  for  times  up  to  24  hra.  after  laser 
surface  melting  (rapid  solidification).  The  fine  erbium  oxide  dispersion  with 
a  mean  particle  size  of  187  nm  was  formed  during  the  first  2  hrs.  of  annealing 
at  870  C  (1600  F) .  Both  the  fine  (d  =  18  nm)  and  large  (d  =  78  nm)  erbium 

o  o 

oxide  particles  undergo  coarsening  during  annealing  at  870  C  (1600  F). 

O  O 

Annealing  for  24  hrs.  at  870  C  (1600  F)  coarsen  the  small  particles  producing 

a  dispersion  with  a  mean  size  of  29  nm,  with  a  smaller  change  in  particle  size 

for  the  larger  erbium  oxide  particles  (mean  particle  size  of  95  nm) .  The 

results  indicate  that  the  coarsening  process  is  an  Ostwald-ripening  process 
3 

which  follows  an  r  growth  law. 


INTRODUCTION 


THE  HIGH  STRENGTH-TO-DENSITY  ratio  and  the  good  corrosion  resistance  of 
titanium  alloys  make  these  alloys  an  attractive  material  for  aerospace 
application.  Further  enhancement  of  this  ratio  beyond  current  alloys  such  as 
Ti-6A1-4V  can  be  achieved  by  either  an  increase  in  strength  or  by  a  reduction 
in  density  [ 1 ] . 

Development  of  titanium  alloys  with  improved  strength  by  the  ingot 
metallurgy  route  has  been  only  partially  successful  because  additions  of  large 
amounts  of  dispersoid-forraing  elements  resulted  in  the  formation  of  segregated 
phases  which  result  in  reduced  ductility  and  fracture  related  properties  [2]. 

Rapid  solidification  processing  (RSP)  provides  a  way  to  overcome  the 
above  limitation.  By  applying  high  solidification  rates,  raetastable 
supersaturation  of  dispersoid-forming  elements  in  titanium  can  be  achieved. 
Subsequent  isothermal  annealing  result  in  large  volume  fraction  of  fine 
dispersoids  which  will  strengthen  the  alloy  [3J.  This  approach  can  be  carried 
out  for  dispersoid  forming  elements  with  quite  large  solubility  levels  (e.g., 
Ni,  Cu,  Si)  or  small  levels  (e.g.,  Er,  Nd,  Gd).  Recent  invesatigations  on 
rapid  solidification  of  alpha  titanium  alloys  have  shown  that  small  additions 
or  erbium  resulted  in  the  formation  of  uniform  dispersion  of  erbium  oxide 
[4-7],  which  is  fine  enough  to  produce  strengthening  [4-5].  Erbium  oxide 
particles  were  found  to  be  quite  stable  in  the  alpha  phase  and  display  a  low 

O  O 

rate  of  coarsening  following  isothermal  annealing  at  800  C  (1470  F)  for  16 
hra.  [4] .  Dispersoids  containing  other  rare  earth  elements  such  as  yttrium, 
gadolinium,  etc.  are  larger  in  size  than  erbium  oxide  and  exhibit  a  higher 
coarsening  rate  [4]. 

The  present  work  is  part  of  a  larger  program  aimed  at  developing  high 


EXPERIMENTAL  PROCEDURE 


The  commercial  metastable  beta  alloy  Ti-15V-3Al-3Sn-3Cr  and  erbium  oxide 

powder  were  vacuum  arc  melted  into  a  cigar-shaped  button.  The  alloy  button 

was  remelted  and  solidified  five  times  to  increase  homogeneity,  annealed  at 

980  C  (1800  F)  for  24  hrs.  and  then  swaged  at  1040  C  (1900  F)  through 

successive  dies  to  a  final  diameter  of  6.5  mm.  Disks  6.5  mm.  in  diameter  and 

3  mm  thick  with  chemical  composition  given  in  Table  1  were  sectioned 

transversely  from  the  swaged  and  homogenized  rod.  Laser  surface  melting  was 

performed  using  a  500  watt  CO ^  laser  in  a  continuous  mode.  A  high  speed, 

computer-controlled  traversing  system  provided  a  uniform  melt  zone  with  argon 

shielding,  minimizing  contamination  of  the  melt  zone.  Cooling  rates  between 
3  4°  4  5° 

10  to  10  C/s  and  10  to  10  C/s  were  obtained  for  laser  power  of  500  wats 
and  traversing  speeds  of  0.4  and  4.0  mm/s,  respectively.  Following  laser 

O  O 

melting,  specimens  were  heat  treated  at  870  C  (1600  F)  for  times  ranging 


between  2  and  24  hrs.  The  microstructures  of  the  heat  treated  specimens  were 
examined  by  optical,  SEM,  and  TEM  microscopy.  The  composition  of  precipitates 
were  semi-quant i tat ively  determined  by  x-ray  energy  dispersive  spectroscopy. 


RESULTS  AND  DISCUSSION 


A  transverse  section  microstructure  of  the  as-cast  material  is  shown  in 
Figure  la.  The  dark  field  micrograph  display  elongated  grains  and  coarse 

©  o 

erbium  oxide  particles.  Following  swaging  at  1040  C  (1900  F)  and 

o  o 

homogenization  at  980  C  (1800  F)  for  24  hrs.  ,  the  cast  material  undergoes 
recrystallization  and  equiaxed  beta  grains  are  produced  (Figure  lb).  Large 
erbium  oxide  particles  are  also  visible  along  the  grain  boundaries  as  well  as 
in  the  grain  interior,  the  result  of  low  solubility  of  erbium  in  beta  titanium 
[4,8]. 

Figure  2  illustrates  short  transverse  sections  of  the  rapidly  solidified 

zone  observed  in  material  laser  melted  at  traversing  speeds  of  0.4  and  4.0 

mm/s.  Larger  melt  pool  (Figure  2a)  and  coarser  structural  features  (Figure 

2c)  are  observed  for  laser  melting  at  a  speed  of  0.4  mm/s.  Conversely,  faster 
4  5° 

cooling  rates  (10  -  10  C/s)  and  finer  structural  details  are  obtained  for 

the  laser  melting  speed  of  4.0  mm/s  (Figure  2b  and  2d). 

SEM  micrographs  of  the  melt  zone  reveal  a  columnar  structure  which 

originated  at  the  solid/liquid  interface  (Figure  3a)  and  extended  towards  the 

specimen  surface  as  shown  in  Figures  3b  and  3c.  As  indicated  earlier,  faster 

melting  speeds  resulted  in  finer  structure  as  observed  in  Figures  4a  and  4b. 

Larger  erbium  oxide  particles  are  also  detected  in  the  as-laser  melted 

conditions  and  are  associated  with  the  intercolumnar  boundaries  as  shown  in 

Figure  4c.  These  particles  probably  nucleated  in  the  later  stages  of  the 

solidification  process  at  a  cooling  rate  (and  solidification  velocity)  much 
3  4° 

lower  than  the  10  to  10  C/s  cooling  rate  estimated  for  the  initial  stages  of 
the  solidification  process  and  grew  in  the  solid  state,  and  thus  were  present 
before  annealing. 


During  annealing  at  870  C  (1600  F)  for  2  hrs.,  a  fine  dispersion  of 


erbium  oxide  was  formed  in  the  region  which  had  been  laser  melted.  Larger 
particles  are  also  observed,  and  are  better  resolved  near  the  melt  zone/baso 
metal  interface  (Figure  5a).  Those  particles  which  are  associated  with  the 
intercolumnar  liquid  and  formed  during  the  later  stages  of  the  solidification 

O 

process,  are  stable  and  show  little  change  in  size  during  annealing  at  870  C 

O 

(1600  F)  for  2  hrs.  Energy  dispersive  spectroscopy  (EDS)  analysis  of  the 
large  precipitates  reveals  erbium  rich  particles  (shown  in  Figure  5a)  which 
are  assumed  to  be  the  stable  sesquioxide  E^O^  [9»  10]. 

Similar  results  were  obtained  for  samples  surface  laser  melted  at  a 
traversing  speed  of  4.0  mm/s.  TEM  micrographs  of  both  fine  and  coarse 
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dispersoids  formed  following  2  and  24  hr.  annealing  at  870  C  (1600  F)  are 
shown  in  Figures  6  and  7.  The  coarse  hexagonal  shaped  particles  are  observed 
to  be  aligned  along  the  intercolumnar  boundaries  as  shown  in  Figure  6a.  The 
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fine  dispersoids  formed  after  2  hrs.  of  annealing  at  870  C  (1600  F)  coarsened 
to  a  larger  degree  than  the  coarse  particles  during  a  further  22  hrs.  of 

O  O 

annealing  at  870  C  (1600  F)  as  shown  in  Figure  7a.  Nevertheless,  both  fine 
and  coarse  particles  are  small  enough  to  interact  with  single  dislocations  as 
shown  in  (Figures  6b  and  7a).  Size  distribution  of  the  dispersoids  was 

O 

evaluated  in  the  as-laser  melted  condition  and  after  annealing  at  870  C 
© 

(1600  F).  The  changes  in  the  size  distribution  during  annealing  allow  the 
process  of  erbium  oxide  precipitation  and  coarsening  to  be  followed. 

Specimens  in  the  as-laser  melted  condition  contain  large  particles  (up  to 

200  nm)  with  a  mean  particle  size  of  78  nm  (Figure  8a).  A  fine  erbium  oxide 
dispersion  (up  to  40  nm)  with  a  mean  particle  size  of  18  nm  was  formed  during 
the  first  2  hrs.  of  annealing  at  870  C  (1600  F).  This  time  is  sufficient  to 


>  \ 
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allow  most  of  the  oxide  particles  to  precipitate  out.  However,  little  change 
in  particle  size  was  detected  for  the  larger  erbium  oxide  particles  (mean  size 


of  82  nm)  as  shown  in  Figure  8b.  Annealing  for  24  hrs.  at  870  C  (1600  F) 
coarsens  both  the  fine  and  large  particles  and  a  bi-model  dispersion  with  mean 
sizes  of  29  nm  and  95  nm,  respectively,  is  observed  as  shown  in  Figure  8c. 
The  change  in  the  mean  particle  size  (d  =  2r)  with  increasing  annealing  time 
(t)  for  the  fine  and  coarse  dispersoids  is  shown  in  Figure  9. 

The  Lifshitz,  Slyozov,  and  Wagner  (LSW)  model  for  particle  coarsening 
[11,  12]  was  used  in  an  attempt  to  explain  the  coarsening  behavior  of  the 

erbium  oxide  dispersoids,  during  annealing  in  the  beta  phase.  This  model 
assumes  a  cube  relationship  between  particle  size  (r)  and  coarsening  time  (t) 
as  shown  in  the  following  equation: 

r3-  ;3  =  K  (T)  (t-to) 

C  D  7  Vm 
K  (T)  =  8/9  -L-jct - 

where:  r  and  r  are  the  average  particle  radii  at  the  initial  and  final 

o 

stages  of  particle  coarsening,  C  -equilibrium  solubility  of  solute  in  the 

s 

matrix  at  a  given  temperature,  D-diffusion  coefficient,  7-interfacial  energy 

of  particles,  V-molar  volume  of  precipitate,  tQ  and  t  are  the  initial  and 

final  time  of  particle  coarsening,  R-gas  constant  and  T~temperature. 

Modification  of  K(T)  incorporates  the  effect  of  solute  concentration  in  the 

matrix  (C)  and  the  volume  fraction  of  the  dispersoids  (#),  leading  to  a  new 

-3 

constant  F(T)  =  K(T)  f  (C,  ♦)  [13].  However,  the  cube  relationship  between  r 
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o  and  (t  -  t  )  is  maintained.  The  mean  particle  size  of  18  nm  obtained 
o 

o  o 

following  annealing  at  870  C  (1600  F)  for  2  hrs.  was  taken  as  the  equilibrium 

particle  size  for  the  fine  dispersion  prior  to  the  coarsening  process. 

-3  -3 

Tin.-  cube  relationship  between  r  -  rQ  and  t  for  both  the  fine  and  large 

particles  is  shown  in  Figures  10  and  11  respectively.  The  results  obtained  in 

this  work  indicate  that  the  coarsening  process  of  erbium  oxide  during 

isothermal  annealing  in  the  beta  phase  is  an  Ostwald-ripening  process  obeying 

the  LSW  model.  Erbium  oxide  particles  coarsen  more  rapidly  in  a  matrix 

containing  an  excess  of  erbium  than  in  a  matrix  containing  an  excess  of  oxygen 

[10,  14].  The  alloy  composition  studies  in  the  present  work  (see  Table  1)  arc 

excess  oxygen,  resulting  in  a  low  rate  of  coarsening  and  relatively  small  mean 
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particle  size  following  24  hrs.  of  annealing  at  870  C  (1600  F),  for  both  the 
fine  and  coarse  oxide  dispersions  (29  nm  and  95  nm,  respectively).  Similar 
behavior  was  observed  during  annealing  of  erbium  containing  alloys  in  the 
alpha  phase  [14,  15]  and  for  yttrium-tin  containing  alloys  iscthermally 

annealed  in  the  beta  phase  [16].  It  was  also  suggested  that  in  addition  to 
bulk  diffusion  of  oxygen  and  erbium  in  beta  titanium,  coarsening  of  the  erbium 
oxide  particles  can  take  place  by  interaction  of  migrating  grain  boundaries 
and  oxide  dispersoids  during  processing  and  post-processing  heat  treatment 
[5].  Accelerated  dispersoid  coarsening  was  found  during  high  temperature 
anneuling  of  consolidated  material  especially  in  the  vicinity  of  the  grain 
boundaries,  where  large  depletion  zones  were  observed  [5,  17]. 

Diffusion  coefficient  of  the  solute  in  beta  titanium  was  not  calculated 
from  the  data  given  in  Figures  10  and  11  because  the  lack  of  accurate  values 
for  the  interfacial  energy  (T)  and  volume  fraction  of  dispersoids  (♦)  make 
this  calculation  only  a  rough  estimate.  However,  the  rate  of  coarsening  of 
the  fine  erbium  oxide  dispersoids  at  870°C  (1600°F)  was  estimated  to  be  around 
100  nra^/hr. 
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CONCLUS IONS 


W 


1. 


4. 


5. 


Laser  surface  melting  can  be  used  to  study  the  solidification  and 
subsequent  annealing  behavior  of  a  Ti-15V-3Al-3Sn-3Cr  alloy  containing 
erbium. 


As-rapidly  solidified  coarse  erbium  oxide  particles  (78  nm)  were  present 
in  intercolumnar  regions  with  no  evidence  of  any  finer  dispersoids  within 
the  interior  of  the  columnar  regions. 


3.  Fine  erbium  (ErgO^)  oxide  dispersoids  with  a  mean  particle  size  of  18  nm 


precipitate  during  the  first  2  hr  of  annealing  at  870°C  (1600°F).  These 


dispersoids  coarsen  during  annealing  for  24  hr  at  870°C  (1600°F)  to 


attain  a  mean  particle  size  of  29  nm. 


The  large  erbium  oxide  disperoids  (mean  particle  size  of  78  nm)  coarsen 
slightly  and  display  a  mean  particle  size  of  95  nm  following  annealing  at 


870°C  (1600°F)  for  24  hr. 


Both  small  and  large  erbium  oxide  disperoids  coarsen  by  the  Ostwald- 
ripening  process  following  the  LSW  cube  relationship  with  time.  The 
coarsening  is  controlled  by  volume  diffusion  of  oxygen  and  erbium  in  beta 
titanium  and  by  the  alloy  composition,  particularly  the  oxygen  and  erbium 
levels  in  the  matrix. 


Coarsening  rate  of  the  fine  erbium  oxide  dispersoids  at  870°C  (1600°F) 


was  estimated  to  be  around  100  nm  /hr. 
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Abstract:  A  method  is  described  which  labels  the  topographic  features 
of  a  gray-level  image.  Regions  of  interest  are  identified  through  a 
segmentation  technique  based  on  edge  detection,  pixel  value,  and  local 
geometric  information.  The  local  geometric  information  is  determined  by 
methods  similar  to  the  simplicial  techniques  employed  by  T.  Banchoff  to 
calculate  the  local  index  and  Gauss  curvature  at  a  point.  By  combining 
the  local  topographic  characteristics  of  the  component’s  pixels  together 
with  various  shape,  size,  and  height  tests,  a  region  is  labeled  a  peak, 
a  crest,  a  ridge,  a  cliff,  or  a  mesa.  These  region  labelings  are 
designed  to  provide  a  first  step  in  the  understanding  of  a  low 
resolution  digitized  image.  The  algorithm  was  succesfully  tested 
against  199  infrared  images  of  buildings,  bridges,  petroleum  tanks,  and 
runways.  A  variety  of  target  detection  techniques  have  also  been 
developed. 


I.  Introduction.  The  main  goal  of  this  report  is  to  describe 
a  method  for  labeling  the  topographic  features  of  a  gray-level 
image.  The  features  considered  include  peaks,  crests,  ridges, 
cliffs,  mesas,  and  ridge-peak  systems.  This  approach  is  designed  to 
provide  a  first  step  in  the  understanding  of  a  low  resolution 
digitized  image.  The  methods  were  developed  while  investigating  199 
120x360  digitized  infrared  images  of  such  high-value  targets  as 
bridges,  buildings,  petroleum  tanks,  and  runways  provided  by  Eglin 
AFB.  The  motivation  behind  this  project  was  to  develop  a  systematic 
and  general  approach  to  image  understanding  that  will  useful  in  the 
detection  of  a  wide  variety  of  targets  under  a  wide  range  of  natural 
conditions  and  viewing  angles.  The  four  types  of  images  mentioned 
above  served  as  a  guide  in  this  study. 

We  feel  the  main  contributions  of  the  approach  presented  here 
is  a  new  approach  to  segmentation  and  labeling.  In  most 
circumstances  the  segmentation  of  an  image  is  accomplished  by 
forming  the  connected  components  of  certain  identified  points  of 
interest.  While  it  has  been  popular  to  select  points  by  edge 
detection  techniques  such  as  the  Kirsh  or  Sobel  or  by  considering 
all  pixels  one  or  two  standard  deviations  above  the  mean,  we  have 
chosen  both  local  geometry  and  height  as  our  criterion  for  a  point 
to  be  considered  important.  The  reason  height  is  important  in  the 
images  we  investigated  is  that  manmade  objects  such  as  buildings, 
bridges,  petroleum  tanks,  and  runways  tend  to  appear  "hot"  in 
infrared  images.  Thus,  their  pixel  values  tend  to  be  one  or  two 
standard  deviations  above  the  mean.  However,  in  many  of  the  images 
the  centroid  of  the  target  is  only  slightly  above  the  mean.  In  some 
of  the  bridge  and  petroleum  tank  images  the  centroid  is  even  below 
the  mean.  Thus,  if  we  centered  our  attention  exclusively  on  the  hot 
pixels,  we  would  miss  the  target  completely.  While  edge  detection 
techniques  are  an  attempt  to  locate  where  rapid  change  is  occuring 
in  the  image  irrespective  of  height,  the  images  we  are  studying 
exhibit  such  a  wide  variety  of  different  contours  that  we  decided  to 
take  the  view  that  a  gray-level  image  is  a  digitized  surface  in  3- 
dimensional  space.  Regions  of  interest  are  identified  through  a 
segmentation  technique  based  on  local  geometric  information  as  well 
as  edge  detection  and  height.  Techniques  similar  to  those  developed 
by  Banchoff  [2]  are  used  to  determine  whether  a  pixel  in  an  image 
should  be  considered  a  peak  point,  a  ridge  point,  a  flat  point,  a 
top-of-cliff  point,  a  steep  slope  point,  a  gentle  slope  point,  a 
flat  point,  a  bottom  of  cliff  point,  a  ravine  point,  or  a  sink 
point  The  peak,  ridg~  flat,  ravine,  and  sink  points  can  be 
thought  of  as  ideas  borrowed  from  Differential  Geometry.  The 
top-of-cliff,  steep  slope,  gentle  slope,  and  bottom-of-cliff  points 
can  be  thought  of  as  measures  of  local  steepness.  Each  of  these 
last  four  groups  of  points  can  be  thought  of  as  a  type  of  edge 
detector.  In  our  first  segmentation  procedure  the  peak  points  and 
top-of-cliff  points  were  combined  with  pixels  two  standard 
deviations  above  the  mean.  The  buildings  and  petroleum  tanks  were 
usually  found  among  the  connected  components  of  this  set  of  pixels. 

In  our  second  segmentation  procedure  the  peak  points,  the  ridge 
points,  and  the  top-of-cliff  points  were  combined  with  pixels  one 
standard  deviation  above  the  mean.  The  bridges  and  runways  were 
usually  identified  as  the  large  connected  components  of  this  second 
set  of  pixels. 

By  combining  the  local  topographic  information  together  with 
certain  height  and  length  data  we  can  make  decisions  whether  a 
connected  component  in  either  segmentation  step  should  be  labeled  a 


Si 


peak,  a  crest,  a  ridge,  a  cliff,  a  mesa,  or  a  ridge-peak  system.  We 
can  also  determine  whether  it  should  be  considered  small,  medium,  or 
large  and  whether  it  should  be  thought  of  as  long  or  very  long.  The 
details  for  both  segmentation  and  labeling  are  presented  in  Section 

m. 

The  topographic  approach  is  proving  to  be  very  effective  in  the 
investigation  of  high  value  targets.  Not  only  are  we  are  able  to 
label  peaks,  crests,  ridges,  mesas,  and  cliffs  in  an  image,  but  we 
are  also  able  to  determine  whether  a  peak  is  prominent,  whether  a 
ridge  is  long  or  very  long,  whether  a  mesa  is  large,  etc.  We  also 
were  able  to  make  comparisons  to  determine  which  peak  is  highest, 
which  ridge  is  longest,  or  which  mesa  is  largest,  etc.  The 
preferred  direction  (or  directions)  of  the  long  ridges  and  cliffs 
can  be  determined  with  the  Hough  transform.  This  topographic 
information  tabulates  the  most  important  features  appearing  in  the 
image  and  provides  the  user  with  an  excellent  idea  of  what  type  of 
scene  is  represented. 

The  components  representing  bridges  and  runways  are  not  only 
large,  but  they  also  have  a  very  distinctive  topographic  character 
because  they  frequently  appear  as  long  ridges  and  crests.  The 
buildings  are  frequently  represented  as  small  peaks  and  the 
petroleum  tanks  as  clusters  of  peaks  and  crests.  However,  one  must 
be  very  careful  when  making  general  statements  about  these  images. 
One  reason  for  this  caution  is  that  in  the  data  we  studied  sequences 
of  30-50  images  were  collected  for  each  target.  These  images  were 
taken  at  distances  between  3,000  and  30,000  feet  and  altitudes 
between  960  and  1 ,300  feet.  A  building  which  appears  as  a  small 
peak  at  5  miles  might  appear  as  a  ridge  or  crest  at  two  miles,  and 
as  a  prominent  ridge  at  one  mile.  Thus,  general  statements  of  this 
type  must  be  made  with  extreme  caution.  However,  the  advantage  of 
the  methods  we  have  developed  is  that  they  are  flexible  enough  to 
provide  useful  (though  varying)  information  for  each  of  these 
different  situations. 

An  algorithm  representing  the  ideas  discussed  above  was  coded 
into  FORTRAN  and  used  in  the  investigation  of  63  bridge  images,  61 
building  images,  50  petroleum  tank  images,  and  25  runway  images. 

The  results  of  the  labeling  were  excellent  The  algorithm 
successfully  identified  virtually  all  the  important  topographic 
features  in  the  images.  We  also  found  that  when  the  output  of  the 
algorithm  was  compared  with  the  range  data  provided  with  each  image, 
we  discovered  that  we  could  get  a  good  approximation  of  the  centroid 
of  the  target  in  over  80%  of  the  images.  A  detailed  discussion  of 
this  target  location  problem  is  given  in  Section  IV.  Additional 
general  observations  concerning  the  topographic  features  observed  in 
the  different  types  of  images  are  also  discussed  in  this  section. 
Additional  possible  directions  for  future  research  are  presented  in 
Section  V.  A  detailed  discussion  of  each  bridge  image  studied  is 
given  in  Appendix  A.  The  building  images  are  discussed  in  Appendix 
B.  The  petroleum  tank  images  are  discussed  in  Appendix  C.  The 
runway  images  are  discussed  in  Appendix  D. 

The  ideas  and  results  presented  in  this  paper  can  be  thought  of 
as  a  continuation  of  the  study  begun  in  the  paper  by  Davidson  and 
Wilson  [8].  Key  portions  of  the  details  of  the  source  code  were 
also  presented  in  [8]. 


n.  History  and  Background.  The  interest  in  locating  maxima 
and  minima  points  (i.e.  peaks  and  sinks)  dates  back  at  least  to  the 
early  days  of  Calculus.  Newton  and  Leibniz  certainly  understood 
critical  points  and  their  applications  to  extrema  problems.  In  the 
nineteenth  century  Arthur  Cayley  [6]  and  James  Clerk  Maxwell  [26] 
investigated  critical  points  and  slope  lines  to  label  regions  of  a 
surface  as  hills  and  dales.  While  laying  the  foundations  for  modem 
Differential  Topology,  they  couched  their  works  in  the  language  of 
the  earth’s  topography.  During  the  twentieth  century  Marston  Morse 
developed  a  completely  modem  treatment  of  critical  point  theory. 

The  book  by  Morse  and  Cairns  [27]  probably  gives  the  most  complete 
exposition  of  this  work.  More  recently,  L.  Nackman  [29]  and  Nackman 
and  Pizer  [28]  have  combined  Morse  theory  with  the  idea  of  a 
critical  point  configuration  graph  to  partition  a  surface  into  a 
finite  number  of  "slope  districts".  These  districts  are  the  regions 
where  all  the  slope  lines  descend  to  a  single  pit  (a  dale)  or  ascend 
to  a  single  peak  (a  hill).  Using  minimal  cycles  of  the  graph  and 
the  number  of  peaks,  pits,  and  passes  inside  each  cycle  the  surface 
can  be  reconstructed  almost  exactly.  Thus,  the  configuration  graph 
together  with  the  information  concerning  the  slope  districts  can  be 
thought  of  as  a  recipe  for  reconstructing  the  surface.  Two 
important  theorems  concerning  these  graphs  are  discussed:  First, 
only  eight  types  of  critical  points  are  possible:  peaks,  pits,  and 
six  types  of  passes.  Second,  only  four  types  of  slope  districts  are 
possible.  All  surfaces  have  a  well-defined  characterization  as  the 
union  of  slope-district  regions,  where  each  region  belongs  to  one  of 
four  basic  slope-district  types.  Nackman  also  mentions  curvature 
districts  determined  by  the  sign  of  the  Mean  and  Gauss  curvature  of 
the  surface. 

P.  J.  Besl  and  R.  C.  Jain  [3-5]  used  the  Mean  curvature  and 
Gaussian  curvature  in  their  work.  These  local  shape  descriptors 
from  classical  Differential  Geometry  are  used  to  group  the  points  of 
an  image  into  eight  different  types.  These  shapes  include,  peak 
surface,  flat  surface,  pit  surface,  minimal  surface,  ridge  surface, 
saddle  ridge,  valley  surface,  and  saddle  valley.  These  shapes  are 
determined  by  the  Mean  and  Gauss  curvatures.  They  not  only  indicate 
how  the  transition  is  to  be  made  from  the  smooth  theory  to  the 
numerical  setting,  but  they  also  apply  these  methods  to  range  data 
taken  of  a  coffee  cup,  a  keyboard,  and  a  torus.  A  particularly 
attractive  feature  of  the  Gauss  and  Mean  curvatures  is  that  they  are 
invariant  under  rotations  and  translations.  Besl  and  Jain  refer  to 
this  property  as  viewpoint  independence. 

T.  Banchoff  [2]  developed  a  piecewise  linear  rather  than  a 
differential  versions  of  Morse’s  Critcal  Point  Theorem  and  the 
Gauss-Bonnet  Theorem.  (Recall  that  the  Critical  Point  Theorem 
equates  the  sum  of  the  indices  of  the  points  of  a  surface  with  the 
Euler  Characteristic,  while  the  Gauss-Bonnet  Theorem  equates  the 
integral  of  the  Gauss  curvature  with  Euler  Characteristic.) 

Following  the  lead  of  Morse,  Banchoff  also  defined  the  index  at  each 
vertex  in  the  surface.  However,  since  a  piecewise  linear  surface  is 
made  up  of  vertices,  edges,  and  triangles  and  since  derivatives  do 
not  exist  at  every  point,  he  defined  the  index  at  a  vertex  to  be  1  - 
(1/2)*N,  where  the  integer  N  equals  the  number  of  times  the  link  of 
the  vertex  meets  a  fixed  plane.  (See  reference  [2]  for  more 
details.)  For  both  the  Banchoff  and  Morse  definitions  peak  points 
and  sink  points  have  index  +1,  while  saddle  points  have  an  index  of 
-1.  Since  he  had  no  need  for  ridge  and  valley  points  the  way  Besl 


and  Jain  did,  he  did  not  consider  these  two  possibilities.  Our 
definitions  of  ridge  and  ravine  points  are  in  the  spirit  of 
Banchoff  s  definitions  of  index  and  curvature.  Additional  remarks 
on  these  similarities  are  given  in  Section  III. 

The  Topographic  Primal  Sketch  developed  by  Haralick  [17],  et. 
al.  identifies  each  pixel  of  an  image  with  one  of  ten  possible 
labels:  peak,  pit,  ridge,  ravine  (valley),  saddle,  convex  hillside, 
concave  hillside,  saddle  hillside,  slope,  or  none.  By  first  making 
a  local  approximation  at  a  pixel  with  bicubic  splines,  the  standard 
methods  from  Freshman  Calculus  can  be  used  to  calculate  first  and 
second  derivatives,  gradients,  and  Hessians.  These  calculations  can 
then  be  used  to  label  a  pixel  as  a  peak,  pit,  etc.  These  dervatives 
can  also  be  used  to  calculate  the  Mean  and  Gauss  curvatures  at  a 
point.  (See  for  example  Besl  and  Jain  [3].)  An  attractive  feature 
of  the  Haralick  approach  is  that  the  derivatives  can  all  be 
calculated  locally  by  computing  linear  convolutions  with  various  5x5 
masks.  While  our  methods  for  identifying  pixels  as  peak  points, 
ridge  points,  etc.  are  also  local,  they  are  not  simply  linear 
convolutions.  For  more  details  on  the  Haralick  approach  see 
references  11  -  17. 

Others  who  have  taken  a  topographic  point  of  view  include 
Crowley  and  Parker  [7],  Hsu,  Mundy,  and  Beaudet  [18],  Johnston  and 
Rosenfeld  [22],  Lantuejoul  [24],  and  Wamtz  [37],  Crowley  and 
Parker  define  a  multiple  resolution  representation  (i.e.  a  partition 
of  the  image)  by  detecting  peaks  and  ridges  in  the  difference  of  low- 
pass  (DOLP)  transform.  A  pixel  is  declared  a  "peak  point"  if  it  is 
higher  than  its  eight  nearest  neighbors.  Ridge  points  are  defined 
similarly.  Hsu,  Mundy,  and  Beaudet  follow  a  line  of  thought  very 
similar  to  that  of  Haralick.  However,  they  not  only  label  pixels  as 
"peak  points",  etc.,  they  also  link  ridges  and  valleys  together  in 
what  they  refer  to  as  a  "web  network".  From  a  mathematical  view 
this  network  forms  a  partition  (or  segmentation)  of  the  image. 
Johnston  and  Rosenfeld  define  a  pixel  to  be  a  "peak  point"  if  it  is 
higher  than  all  the  points  in  some  nxn  neighborhood.  Ridge  points, 
ravine  points,  and  sinks  are  defined  in  a  similarly  natural  way. 
Lantuejoul  borrows  the  idea  of  watershed  from  the  area  of  physical 
geography  to  detect  bubbles  in  radiogragrhic  plates  and  fractures  in 
steel.  Additional  references  to  the  topographic  approach  are  given  in 
Haralick  [  17], 
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ID.  Description  of  the  Method.  While  there  are  many  aspects 
to  the  algorithm,  the  two  main  ideas  are  the  "probe"  and  the 
"slice".  The  slice  can  be  thought  of  as  a  convenient  method  for 
locating  those  pixels  with  the  highest  and  lowest  values.  These 
pixels  will  usually  be  the  ones  of  most  interest  For  our  purposes, 
the  pixels  either  one  or  two  standard  deviations  above  the  mean  were 
given  special  attention.  The  "probe",  on  the  other  hand,  is  a  way 
of  identifying  the  local  topographic  and  geometric  information  at 
each  pixel.  For  example,  we  would  like  to  know  if  a  pixel  is  on  a 
ridge,  in  a  ravine,  or  in  a  flat  region. 

The  dimensions  of  the  images  studied  are  120x360.  The  pixel 
values  lie  between  0  and  255.  When  the  data  from  one  of  these 
images  is  read,  it  is  First  filtered  by  a  mean  filter  which  averages 
the  values  in  a  3x3  window  about  each  pixel.  The  mean  and  standard 
deviation  (and  all  subsequent  operations)  are  calculated  for  the 
filtered  matrix.  To  estimate  the  local  topographic  character  at 
each  pixel,  a  "probe"  or  "sample"  is  made  of  nearby  pixels  to 
determine  whether  the  pixel  is  above  or  below  its  neighbors.  Since 
the  data  is  of  a  natural  scene,  it  is  not  of  particularly  high 
quality.  Thus,  while  it  is  customary  to  consider  the  immediate 
eight  neighbors  as  the  most  important,  we  felt  that  more  information 
could  be  learned  by  reaching  out  five  units  in  each  direction.  By 
comparing  a  pixel  with  its  non-immediate  neighbors  we  gain  a  second 
filtering  of  local  irregularities.  By  selecting  only  eight  points, 
we  keep  allow  the  algorithm  to  progress  at  a  more  rapid  rate  than  it 
otherwise  might. 

The  rules  for  the  probe  are  as  follows.  The  parameters  ALPHA 
and  L  are  declared.  For  most  of  the  data  we  analysed,  we  let  ALPHA 
=  7  and  L  =  5.  We  like  to  think  of  ALPHA  as  a  measure  of  the  "rise" 
or  "drop"  that  takes  place  near  each  pixel  and  L  as  a  measure  of  the 
distance  "reached"  out  in  each  direction  from  the  center  pixel. 

The  probe  at  a  pixel  is  computed  in  the  following  fashion. 

First,  the  value  of  the  pixel  A(I,J)  is  compared  with  each  of  its 
neighbors.  The  values  V(I1,J1)  are  assigned  to  each  non-immediate 
neighbor  according  to  the  following  three  rules: 

1.  If  A(I1,J1)  >  A(U)  +  BETA,  then  V(IU1)  =  +1; 

2.  If  A(I,J)  +  BETA  >  A(I1  ,J1)  >  A(U)  -  BETA,  then 
V(1 1 ,  J 1 )  =  0; 

3.  If  A(I,J)  -  BETA  >  A(IU1),  then  V(I1,J1)  =  -1; 

where  BETA  =  ALPHA  if  ABS(H1)  =  ABS(J-Jl)  and  BETA  =  SQRT(2.0)  * 

ALPHA  if  ABS(I-Il)  differs  from  ABS(J-Jl).  Thus,  if  A(I1,J1)  is 

"significantly  above"  A(I,J),  then  Vflljl)  =  +1;  if  A(IlrIl)  is 

"about  the  same  height"  as  Afl,J),  then  V(I1J1)  =  0;  and  if 

A(I1,J1)  is  "significantly  below"  A(I,J),  then  V(I1,J1)  =  -1.  The 

factor  of  SQRT(2.0)  is  obviously  included  to  compensate  for  the 

greater  distance  along  a  diagonal  rather  than  along  a  vertical  or 

horizontal  direction.  The  diagrams  in  Figure  1  indicate  typical 

configurations. 
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Figure  1.  Typical  Configurations 


Three  of  the  rules  are  now  easy  to  state.  First,  if  V(I1,J1)  = 

-1  for  each  of  the  eight  neighbors  selected,  then  the  pixel  is 
declared  a  peak  point.  Banchoff  would  assign  an  index  of  +  1  to  such 
a  point.  Second,  if  V(I1,J1)  =  0  for  each  of  the  eight  neighbors, 
then  the  pixel  is  declared  a  flat  point.  Sin*. .  »he  curvatures  and 
indices  of  a  flat  point  could  only  be  assigned  a  value  of  zero, 
Banchoff  ignored  this  group  of  points.  Third,  if  VCIIJI)  =  +1  for 
all  eight  neighbors,  then  the  pixel  is  declared  a  sink  point. 

Again,  the  index  of  a  sink  point  is  +1.  These  examples  are 
indicated  in  Figure  2. 
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Figure  2.  Typical  Peak,  Flat,  and  Sink  Points 


The  three  configurations  indicated  in  Figure  1  represent  a 
typical  ridge,  steep  slope,  and  gende  slope  points,  respectively. 

The  ridge  points  can  be  thought  of  as  locations  where  the  surface  is 
level  through  the  middle  and  drops  off  sharply  on  each  side.  Before 
we  can  give  the  precise  description  of  the  rules  for  a  pixel  to  be 
considered  a  ridge  point,  we  must  count  the  number  of  value  changes 
that  occur  in  the  eight  neighbors.  Note  in  Figure  1  a  that  there  are 
two  groups  of  -1  ’s  with  three  elements  in  each  group  and  two  groups 
of  zeroes  with  one  element  in  each.  Thus,  there  are  four  different 
groupings  with  only  values  of  -1  or  0  in  each  group.  Intuitively, 
there  are  two  regions  at  about  the  same  level  as  the  center  pixel 
and  two  groups  each  significandy  below  the  center  pixel.  The  rules 
for  a  pixel  to  be  designated  a  ravine  point  are  the  same  except  that 
there  will  be  only  values  of  +1  and  0  in  each  group.  Examples  are 
indicated  in  Figure  3.  Banchoff  set  up  his  definitions  so  that 
these  cases  never  occured.  Thus,  he  never  assigned  an  index  or 
curvature  to  such  a  point.  However,  if  he  had,  he  would  have  agreed 
that  the  Gauss  curvature  should  be  zero  and  the  Mean  curvature 
should  be  negative  just  the  way  it  is  described  in  [3]. 
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Figure  3.  Ravine  Points 


A  pixel  will  be  designated  a  top-of-cliff  point  if  there  are 


exactly  two  groupings  of  -1  values  and  0  values  and  at  least  two 
of  the  neighbors  satisfy  the  inequality  A(I1J1)  <  A(I4)  -  3  * 

BETA.  Thus,  these  pixels  will  be  the  same  as  the  gentle  slope 
pixels  except  that  the  amount  of  drop  will  be  much  more 
significant.  The  rules  for  a  bottom-of-cliff  point  are  the  same 
as  those  for  a  top-of-cliff  point  except  that  the  values  are  now 
+1  and  0  and  two  of  the  neighbors  must  satisfy  A(I1,J1)  >  A(IJ)  + 

3  *  BETA.  Examples  are  indicated  in  Figure  4.  Note  that  we  have 
placed  3  or  -3  where  there  is  a  large  rise  or  drop.  Note  also  that 
these  points  would  be  detected  by  either  the  Kirsch  or  Sobel  edge 
detector.  Thus,  we  can  think  of  die  identification  of  a  pixel  as  a  top- 
of-cliff  point  as  a  location  where  very  rapid  change  is  occuring. 

3  ****  i  ****  3  _i  ****  .3  **** 


Q  ****  Q  ****  Q  .3  ****  Q  ****  0 


0  ****  q  ****  0  0  ****  0  ****  0 

a.  b. 

Figure  4.  Bottom-of-cliff  and  Top-of-cliff  Points 


A  pixel  is  to  be  designated  as  a  steep  slope  point  if  its 
neighbors  take  on  both  the  values  +1  and  -1  (and  possibly  zero) 
and  the  number  of  groupings  is  no  more  than  three  or  if  there  are 
exactly  four  groupings  and  each  of  the  values  -1, 0,  and  +1  are 
assumed  by  some  neighbor.  Examples  of  steep  slope  pixels  are 
indicated  in  Figure  5.  As  in  the  case  of  the  top-of-cliff  points  these 
points  would  be  identified  by  most  edge  detectors.  However,  note  that 
the  local  change  at  a  steep  slope  point  is  not  quite  as  rapid  as  the 
change  at  a  top-of-cliff  or  bottom-of-cliff  point. 
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Figure  5.  Steep  Slope  Points 


A  pixel  will  be  designated  a  gentle  slope  point  if  there  are 
exactly  two  groupings,  where  one  group  has  all  zeroes.  Examples  are 
indicated  in  Figure  6.  (See  Figure  lc  for  third  example.)  These 
types  of  points  can  be  thought  of  as  locations  where  a  moderate 
rather  than  rapid  change  is  occuring. 
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Figure  6.  Gentle  Slope  Points 


The  algorithm  is  based  on  two  segmentation  procedures.  The 
first  identifies  all  connected  components  of  those  pixels  which  are 
either  two  standard  deviations  above  the  mean  or  are  designated  as 
top-of-cliff  points  or  peak  points.  The  second  procedure  identifies 


all  connected  components  of  those  pixels  which  are  at  least  one 
standard  deviation  above  the  mean  or  are  designated  as  top-of-cliff 
points,  ridge  points,  or  peak  points.  In  addition,  in  the  second 
segmentation  procedure  it  was  found  that  the  introduction  of  a 
dilation  and  erosion  helped  to  keep  long  narrow  ridges  representing 
runways  from  fragmenting. 

Note  that  both  segmentation  procedures  depend  on  pixel  values, 
local  geometry,  and  edge  detection.  This  segmentation  technique  was 
developed  when  it  was  found  that  the  pixels  representing  runways 
frequently  were  lower  than  one  standard  deviation  above  the  mean. 

Thus,  even  though  the  runway  was  clearly  visible  in  printouts  of  the 
data,  the  sigma-slice  was  not  sensitive  enough  to  identify  these 
pixels.  By  introducing  geometric  considerations  the  results 
improved  dramatically.  A  similar  observation  is  true  for  the 
building  images  because  the  target  in  a  building  image  was 
frequently  found  to  be  represented  by  pixels  below  two  standard 
deviations  above  the  mean.  By  including  peak  points  in  the 
segmentation  process  these  buildings  were  usually  located. 

Once  the  two  segmentation  processes  have  been  completed  for  an 
image,  the  next  step  is  to  label  the  connected  components  by  their 
topographic  features.  The  original  idea  was  that  a  component  with  a 
large  number  of  its  pixels  identified  as  peak  points  should  be 
labeled  a  peak,  a  component  with  a  large  number  of  its  pixels 
identified  as  ridge  points  should  be  labeled  a  ridge,  and  a 
component  with  a  large  number  of  its  pixels  identified  as  flat 
points  should  be  labeled  a  mesa.  However,  we  found  that  the  above 
rules  needed  to  be  modified  to  ensure  accurate. 

The  four  separate  criteria  used  to  test  whether  a  component 
should  be  labeled  a  peak  are  height,  percentage  of  peak  points, 
curvature,  and  shape.  These  properties  are  integrated  into  a  single 
confidence  factor,  CFPEAK.  The  first  calculation  sets  CFPEAK  equal 
to  the  fraction  of  pixels  three  standard  deviations  above  the  mean. 

The  second  set  of  adjustments  to  CFPEAK  is  based  on  two  tests  for 
the  percentage  of  peak  points  in  a  component  If  the  percentage  of 
peak  points  is  above  10%,  then  CFPEAK  is  replaced  by  .33  +  .67  * 
CFPEAK.  If  the  percentage  of  peak  points  is  above  25%,  then  CFPEAK 
is  replaced  by  .33  +  .67  *  CFPEAK.  The  third  set  of  adjustments  to 
CFPEAK  is  based  on  the  curvature  of  the  image  at  the  pixel.  Three 
curvature  tests  are  made  to  determine  the  steepness  of  the  drop  on 
the  sides  of  the  peak.  The  curvature  at  a  peak  point  is  computed  as 
the  minimum  of  the  absolute  values  of  the  curvatures  in  four 
different  directions.  The  curvature  of  a  component  is  the  maximum 
of  the  curvatures  at  all  the  peak  points  in  a  component.  Each  time 
the  curvature  passes  a  test  CFPEAK  is  updated  to  .33  +  .67*CFPEAK. 
The  fourth  adjustment  of  CFPEAK  consists  of  three  ratio  tests  to 
determine  whether  or  not  the  component  is  rounded  or  elongated. 

Each  time  the  component  passes  a  particular  test  the  confidence 
factor  CFPEAK  is  replaced  by  .20  +  .80  *  CFPEAK.  If  the  component 
is  excessively  elongated,  then  CFPEAK  is  reduced  by  .20.  Finally, 
if  CFPEAK  is  greater  than  or  equal  to  .60,  then  the  component  is 
labeled  a  peak. 

The  confidence  factor,  CFRIDGE,  is  used  to  decide  whether  or 
not  a  component  is  to  be  labeled  a  ridge.  Its  computation  is  very 
similar  to  the  calculation  of  CFPEAK  described  above.  The  first 
computation  in  calculating  CFRIDGE  is  to  set  CFRIDGE  equal  to  the 
fraction  of  ridge  pixels  in  the  component.  If  this  fraction  is  at 
least  .30  or  the  sum  of  ridge  points,  top-of-cliff  points,  steep 
slope  points  together  with  one  half  of  the  gentle  slope  points  is  at 
least  one  half  the  pixels  in  the  component,  then  a  series  of  five  ratio 
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tests  are  performed  to  determine  the  shape.  Each  time  one  of  these 
tests  is  passed,  CFRIDGE  is  replaced  by  .20  +  .80  *  CFRIDGE.  If  CFRIDGE 
is  at  least  .60,  then  the  component  is  declared  a  ridge.  If  the  minimum 
of  CFPEAK  and  CFRIDGE  is  at  least  .50,  then  it  is  labeled  a  crest. 

If  a  component  has  at  least  40%  of  its  pixels  identified  as 
flat  points  or  gentle  slope  points,  then  the  component  is  labeled  a 
mesa.  Concern  might  be  expressed  that  the  presence  of  a  large 
percentage  of  gentle  slope  points  could  lead  to  a  large  variation  in 
height  in  different  regions  of  the  component.  This  problem  is 
largely  avoided  because  most  of  the  pixels  will  be  two  standard 
deviations  above  the  mean  so  that  the  variation  between  any  two 
pixels  in  the  component  will  not  be  large.  Thus,  the  combination  of 
these  two  factors  will  tend  to  ensure  that  a  mesa  will  appear  flat 
The  large  components  representing  the  land  masses  in  the  bridge 
images  were  frequently  represented  by  mesas. 

While  studying  the  bridge  images  it  was  discovered  that  two 
different  types  of  ridges  were  occurring.  The  first  type  had  a  high 
percentage  of  ridge  points.  The  second  consisted  of  70  -  80% 

(sometimes  even  100%)  top-of*cliff  points.  Upon  inspection  of  the 
data  it  was  discovered  that  the  ridges  with  a  high  percentage  of 
ridge  points  usually  represented  the  bridge  or  the  road  leading  to 
the  bridge,  while  the  other  type  represented  a  cliff  where  the  land 
met  the  water.  Thus,  we  decided  that  it  is  worthwhile  to 
distinguish  between  these  two  different  types  of  components.  A 
component  is  labeled  a  cliff  if  CFRIDGE  was  at  least  .60  and  at 
least  75%  of  its  pixels  were  top-of-cliff  points. 

Not  only  were  components  labeled  as  peaks,  ridges,  crests, 
mesas,  and  cliffs,  but  they  were  also  ranked  by  size,  length  and 
prominence.  For  example,  if  the  number  of  pixels  in  a  peak,  crest 
or  mesa  component  comprise  one  half  percent  of  all  the  pixels  in  the 
image,  then  it  is  labeled  medium-sized;  if  1%,  then  large.  If  a 
ridge  or  cliff  satisfies  certain  elongation  conditions,  then  it  is 
labeled  long  or  very  long. 

The  study  of  the  components  generated  by  the  second 
segmentation  process  is  very  similar  to  the  first  The  rules  for 
labeling  a  component  a  peak,  ridge  or  mesa  is  the  same  as  before. 

Two  modifications  include  the  elimination  of  the  crest  label  and  the 
inclusion  of  the  ridge-peak  system  label.  A  component  is  labeled  a 
ridge-peak  system  if  it  contains  at  least  two  components  from  the 
first  segmentation  step  and  has  at  least  300  pixels.  The  criteria 
for  determining  the  size  of  a  component  have  been  increased  to  3% 
for  a  medium-sized  component  and  6%  for  a  large  component.  A  new 
size  category  of  massive  (such  as  in  a  massive  ridge-peak  system) 
has  also  been  added.  A  component  is  massive  if  it  contains  12%  of 
all  the  pixels  in  the  image.  In  the  bridge  images  components 
representing  land  sometimes  are  labeled  as  massive  ridge-peak 
systems. 

While  the  target  frequently  appears  as  the  most  prominent 
peak  in  a  building  image,  this  is  not  always  the  case.  Thus,  we 
felt  it  was  important  to  develop  a  test  to  measure  the  prominence 
of  a  peak.  To  estimate  the  prominence  of  a  peak  or  crest  we 
compute  the  fraction  of  pixels  at  least  3  standard  deviations 
above  the  mean.  The  higher  the  fraction,  the  more  prominent  the 
peak  or  crest.  In  this  way  we  can  pick  out  the  target  from  among 
the  prominent  and  not  so  prominent  peaks. 


81-11 


% 


s  v 


IV.  Summary  of  Data  Analysis.  When  we  tested  our  methods  on 
the  199  infrared  images  supplied  by  Eglin  AFB,  we  concerned 
ourselves  with  four  major  questions.  First,  was  the  topographic 
labeling  accurate?  Second,  were  there  general  observations  that 
could  be  made  about  the  bridge  images,  the  building  images,  etc.? 
Third,  could  patterns  be  detected  in  the  topographic  labeling  of  a 
chosen  sequence  of  images  of  a  particular  target?  Fourth,  given  the 
centroid  of  the  target  (or  targets)  in  an  im  :ge,  could  the 
topographic  features  be  used  to  pinpoint  tins  location? 

After  studying  199  images  we  have  come  to  the  conclusion  that 
the  topographic  labeling  is  extremely  accurate.  While  we  assigned 
labels  to  several  thousand  components,  only  a  few  were  clearly  in 
error.  (It  was  frequently  the  case  that  we  left  more  complicated 
components  unlabeled.)  If  a  component  was  labeled  a  small  peak,  it 
was  a  small  peak;  if  a  component  was  labeled  a  long  ridge  it  was  a 
long  ridge,  etc.  The  results  were  excellent. 

While  the  component  representing  the  target  in  a  bridge  image 
is  usually  labeled  a  long  ridge,  there  are  a  variety  of  other 
observations  we  can  make.  For  example,  it  is  frequently  the  case 
that  the  centroid  of  the  target  is  represented  by  a  cluster  of  ridge 
points  appearing  as  a  subset  of  a  long  ridge.  Thus,  we  can  pinpoint 
the  target  location  more  precisely.  This  precision  is  important 
when  we  want  to  distinguish  between  the  road  leading  to  the  bridge 
and  the  bridge  itself.  Another  observation  to  be  noted  is  that  the 
pixels  representing  the  road  tend  to  be  hotter  than  those 
representing  the  bridge.  This  situation  occurs  when  the  sensor  is 
4-6  miles  from  the  target  and  seems  to  be  caused  by  the  cooling 
effect  of  the  water  on  the  concrete  and  steel  forming  the  bridge. 
Geometrically,  the  target  appears  as  a  saddle  in  a  Jong  ridge.  In 
some  cases  the  pixels  representing  the  bridge  are  below  one  standard 
deviation  above  the  mean  (and  are  not  identified  as  peak,  ridge,  or 
top-of-cliff  points)  so  that  the  road  is  represented  by  a  long 
narrow  ridge  with  a  gap  in  the  middle.  In  some  cases  the  target  is 
represented  by  as  few  as  six  pixels  so  the  gap  is  not  very  large. 

Since  we  have  developed  two  segmentation  proceedures  in  our 
algorithm,  we  can  combine  information  from  both  to  pinpoint  the 
target.  For  example,  it  can  happen  that  the  first  segmentation  step 
will  identify  six  or  seven  ridges.  The  obvious  question  is  which 
ridge  represents  the  bridge?  If  a  large  ridge-peak  system  is  found 
in  the  second  segmentation  step  which  represents  both  the  land  and 
the  bridge,  then  sometimes  this  ridge-peak  system  will  contain  only 
one  or  two  ridges  from  the  first  segmentation  step.  Thus,  the 
possible  choices  are  reduced.  We  refer  to  the  above  technique  as 
"nested  targeting"  because  a  component  from  the  first  segmentation 
step  will  be  contained  (or  nested)  in  a  component  from  the  second. 

It  should  be  remarked,  however,  that  in  most  of  the  bridge  images 
the  first  segmentation  proceedure  did  not  provide  nearly  the  useful 
information  that  the  second  one  did. 

An  indication  of  the  wide  variability  of  the  bridge  images  is 
the  fact  that  the  standard  deviations  ranged  between  five  and 
seventy.  The  images  with  high  standard  deviations  had  a  large 
amount  of  water  represented  in  the  image  and  extremely  sharp  drops 
between  the  pixels  representing  the  land  and  those  representing  the 
water.  These  images  are  taken  at  a  range  of  one  to  three  miles. 

Some  of  these  images  are  so  clear  that  even  the  pilings  stand  out. 
The  images  with  low  standard  deviations  are  so  bland  that  when 
intensity  level  pictures  were  made,  it  was  almost  impossible  to 
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detect  any  recognizable  features.  (One  can  only  conjecture  that 
there  was  a  dense  fog  around  the  bridge  at  the  time  the  image  was 
taken.)  However,  even  with  these  images,  some  useful  information 
was  obtained. 

While  the  results  of  the  topographic  labeling  were  excellent, 
our  ability  to  find  the  targets  was  also  very  good.  In  58  of  63 
bridge  images  studied  some  useful  information  was  found  which  would 
help  locate  the  target.  Enough  topographic  information  was 
generated  in  53  of  63  images  to  obtain  a  good  approximation  of  the 
centroid  of  the  target. 

A  discussion  of  the  grading  system  together  with  the  details  of 
the  output  of  each  bridge  image  studied  are  presented  in  Appendix  A. 

A  brief  summary  of  the  target  grades  is  as  follows. 


Target  Grade  Number 

Excellent  2 

Very  Good  7 

Good  44 

Marginal  Pass  5 

Poor  5 


Total  63 


As  mentioned  in  the  introduction,  the  targets  in  the  building 
images  were  usually  represented  by  peaks  or  crests  in  the  first 
segmentation  process.  However,  the  distance  between  the  sensor  and 
the  target  varied  from  one  to  six  miles.  Thus,  while  the  labeling 
of  the  image  taken  at  six  miles  might  identify  a  small  peak  or  crest 
at  the  centroid  of  the  target,  the  labeling  might  change  to 
prominent  ridge  when  the  sensor  was  only  one  or  two  miles  away. 
Such  progressions  depended  on  the  features  in  the  images,  but  were 
usually  natural. 

Sometimes  the  target  can  be  located  as  a  small  peak  at  the  end 
of  a  very  long  ridge.  Sometimes  the  centroid  of  the  target  is 
located  among  a  cluster  of  three  small  peaks.  Sometimes  the  target 
may  be  represented  by  a  peak,  which  is  not  the  most  prominent  one. 
However,  the  other  labeled  topographic  features  near  the  target  can 
be  used  to  confirm  which  component  represents  the  target.  Sometimes 
the  target  was  found  in  the  first  segmentation  process  but  not  the 
second.  In  eight  of  the  59  images  the  target  was  not  located  at 
all.  In  these  cases  the  pixels  at  the  centroid  of  the  target  were 
only  about  one  standard  deviation  above  the  mean.  While  these 
pixels  formed  a  rather  low-lying  peak,  it  was  rather  small  and  dome¬ 
like  so  that  it  did  not  have  any  peak  points.  Thus,  none  of  its 
pixels  were  even  considered  in  the  first  segmentation  process.  In 
the  second  segmentation  step  the  component  was  too  small  Oess  than 
100  pixels)  to  be  considered. 

Despite  the  various  problems  mentioned  above,  we  managed  to 
find  pixels  representing  at  least  30%  of  the  target  in  51  of  59 
images  studied.  A  good  approximation  of  the  target  was  achieved  in 
43  of  the  59  images.  Some  useful  information  was  found  in  51  of  the 
61  images.  The  following  table  grades  our  ability  to  pinpoint  the 
target.  A  grade  of  excellent  indicates  that  80%  of  the  pixels  in 
the  target  were  formed  by  one  or  two  components.  A  grade  of  very 
good  means  that  60%  of  the  pixels  in  the  target  were  found.  A  grade 
of  good  indicates  that  50%  of  the  pixels  in  the  target  were  found. 

A  grade  of  marginal  pass  indicates  that  about  30%  were  found.  A 


grade  of  poor  indicates  no  component  was  found  near  the  centroid  of 
the  target.  Note  that  since  most  of  the  targets  in  the  building 
images  are  represented  by  a  small  number  of  pixels ,  even  the  low 
grade  of  marginal  pass  indicates  the  location  of  the  target.  The 
details  of  the  data  analysis  of  the  building  images  studied  are 
included  in  Appendix  B. 


Target  Grade  Number 

Excellent  15 

Very  Good  13 

Good  15 

Marginal  Pass  8 

Poor  8 

Not  Rated  2 


Total  61 


The  petroleum  tank  images  are  much  more  complicated  than  the 
other  three  groups  of  images  studied.  Not  only  are  there  many  more 
components  generated  in  the  two  segmentation  proceedures,  but  they 
are  also  more  irregular  in  shape.  One  explanation  for  this 
complication  is  that  there  are  as  many  as  23  targets  in  any  one 
image.  Moreover,  these  targets  can  be  grouped  tightly  together  so 
that  one  peak  or  ridge  can  be  at  the  centroid  of  two  or  three 
different  targets.  Another  complication  is  that  the  number  of 
pixels  representing  a  target  can  vary  from  less  than  one  hundred  to 
above  several  thousand.  As  in  the  situation  with  the  bridge  and 
building  images  the  target  (or  targets)  may  not  be  the  most 
prominent  feature  in  the  image.  In  fact,  some  large  targets  had 
pixel  values  below  the  mean  at  the  centroid  and  very  high  values 
away  from  the  centroid.  This  type  of  situation  makes  it  very 
difficult  to  pinpoint  the  target  exaedy.  Despite  the  complications 
indicated  above,  we  obtained  some  useful  information  in  43  of  50 
images  studied.  While  a  detailed  discussion  of  the  petroleum  tank 
images  is  given  in  Appendix  C,  a  summary  of  the  target  grades  is  as 
follows. 


Target  Grade 

Number 

Excellent 

8 

Very  Good 

18 

Good 

12 

Marginal  Pass 

5 

Poor 

7 

Total 

50 

In  our  study  of  the  runway  images  we  found  the  targets  to 
represented  by  ridges  and  ridge-peak  systems.  The  complexity  of 
these  images  was  much  less  than  that  for  the  petroleum  tank  images. 
While  the  first  segmentation  step  provided  some  useful  information, 
the  target  was  usually  identified  as  a  long  or  very  long  ridge  in 
the  second  segmentation  step.  The  Hough  transform  was  used  to 
determine  the  preferred  directions  of  these  long  ridges.  If  the 
image  was  taken  close  to  the  target,  the  component  representing  the 
target  would  be  too  wide  to  give  useful  information  concerning  a 


preferred  direction.  In  these  cases  we  would  apply  the  Hough 
transform  to  the  bounday  of  the  component.  Since  the  data  on  the  25 
runway  images  was  the  first  group  studied  and  since  a  variety  of 
modifications  were  made  on  the  algorithm  since  the  data  was  run,  the 
results  are  not  directly  comparable  with  the  other  three  groups. 

Even  though  we  did  not  develop  a  grading  system  for  locating  the 
target  until  after  the  data  was  run,  we  found  the  runway  clearly 
visible  in  13  of  25  images.  We  found  part  of  the  runway  in  24  of 
25  images.  The  details  of  the  results  of  our  study  of  the  runway 
images  is  presented  in  Appendix  D. 


V.  Possible  Directions  for  Future  Research.  There  seem  to  be 
a  number  of  natural  directions  for  future  research.  First,  while 
the  sinks  and  ravines  have  always  been  considered  a  part  of  the 
topographic  labeling  effort,  we  have  discussed  these  features  very 
little  in  this  report  The  primary  reasons  for  this  neglect  is 
that  the  higher  pixel  values  are  more  important  and  that  the  scope 
of  the  project  was  already  sufficiently  broad.  In  the  future 
though  these  additional  features  should  be  considered  to  see  what 
new  information  can  be  learned. 

The  second  more  important  direction  should  be  to  develop  and 
perfect  a  mathematical  structure  designed  specifically  to  meet  the 
needs  of  image  processing.  Our  view  is  that  this  structure  could 
very  well  evolve  from  a  blend  of  the  topographic  and  Differential 
Geometric  approaches  discussed  earlier.  Each  of  these  approaches 
considers  a  gray-level  image  to  be  a  digitized  surface  embedded  in 
3-dimensional  Euclidean  space.  When  one  visualizes  such  a  surface, 
it  has  the  appearance  of  a  topographic  relief  map  of  a  geographic 
landmass.  Features  such  as  peaks,  ridges,  plains,  valleys, 
ravines,  and  sinks  become  readily  apparent.  The  foundation  for 
this  approach  has  already  been  laid  by  Haralick  [11-18]  and 
Davidson  and  Wilson  [8].  The  techniques  of  Mathematical  Morphology 
are  based  on  the  Minkowski  geometry.  It  seems  worthwhile  that 
these  ideas  should  also  be  incorporated  into  any  general  theory. 

The  main  reason  for  our  interest  in  this  approach  is  to 
develop  techniques  which  will  identify  as  many  important  features 
in  an  image  as  possible.  Rather  than  rush  to  such  standard  methods 
as  edge  detection,  thinning,  the  medial  axis  transform,  and  the 
like,  it  seems  that  consideration  of  the  three  dimensional 
character  of  the  image  at  each  stage  of  the  analysis  would  provide 
for  a  more  accurate  understanding  of  the  image. 

The  third  direction  we  would  like  to  begin  exploring  is  the 
development  of  a  complexity  measure  (or  sequence  of  measures)  based 
on  the  topographic  and  geometric  information  in  the  image.  This 
phase  of  the  project  should  be  analogous  to  the  initial 
developments  in  the  area  of  Algebraic  Topology  when  algebraic 
invariants  were  first  being  discovered.  The  history  of  these 
invariants  proceeded  approximately  as  follows.  First,  the  Euler 
characteristic  was  used  (by  Euler)  to  show  that  the  tetrahedron, 
the  cube,  the  octahedron,  the  dodecahedron,  and  the  icosahedron  are 
the  only  regular  polyhedra  in  3-space.  In  1 895  Poincare  made  use 
of  the  Betti  numbers  to  quantify  the  dual  structure  of  triangulated 
manifolds.  This  theory  was  a  natural  extension  of  the  duality 
observed  earlier  for  the  regular  polyhedra.  In  191 1  Poincare 
utilized  the  Fundamental  Group  to  show  the  existence  of  a  homology 
3-sphere  which  is  not  homeomorphic  to  a  3-sphere.  Veblen 
introduced  the  idea  of  homology  groups  (with  Z2  coefficients)  about 
the  same  time.  Noether  suggested  the  idea  of  homology  groups  with 
arbitrary  coefficients  about  1925.  Lefschetz  pointed  out  in  the 
1930’s  that  the  cohomology  groups  provide  the  proper  setting  for 
Poincare’s  duality  theory  developed  some  30  years  before.  While 
this  discussion  of  the  history  of  Algebraic  Topology  could  be 
continued  at  great  length,  the  point  is  that  it  was  not  sufficient 
to  consider  only  the  Euler  characteristic.  The  proper  mathematical 
setting  ultimately  turned  out  to  be  much  more  complicated  and  took 
many  years  to  develop.  Our  view  is  that  the  development  of  a 
complexity  measure  for  an  image  could  possibly  proceed  along  a 
similar  path. 

While  we  are  still  unclear  at  the  moment  how  the  complexity  of 
an  image  should  be  measured,  it  seems  reasonable  to  base  any  such 


metric  on  geometric  considerations.  However,  the  situation  does  not 
seem  to  be  so  simple.  For  example,  if  we  were  to  follow  the 
topographic  approach,  we  might  add  up  the  number  of  peaks,  sinks, 
ridges,  ravines,  etc.  However,  is  an  image  with  forty  small  peaks 
forty  times  as  complex  as  an  image  with  one  peak.  We  think  not. 

If  we  were  to  follow  Nackman’s  approach,  we  might  count  up  the 
number  and  type  of  slope  districts  present  in  an  image.  If  we  were 
to  follow  the  Differential  Geometric  approach  of  Besl  and  Jain,  we 
might  sum  the  curvatures  over  all  the  pixels  in  the  image. 

However,  the  classical  theorem  of  Gauss-Bonnett  relates  the  Gauss 
curvature,  the  surface  area,  and  the  Euler  characteristic.  A 
careful  statement  is  as  follows.  (This  theorem  can  be  found  on 
page  358  of  Kobayashi  and  Nomizu  [19].) 

Gauss-Bonnet  Theorem:  If  M  is  a  closed  orientable  surface,  then 

I  KdA  =  2*  PI*X(M),  where 

PI  =  3.1415...,  K  is  the  Gaussian  curvature  of  the  surface  M,  dA 
denotes  the  area  element  of  M,  and  X(M)  denotes  the  Euler 
characteristic  of  M. 


Note  that  this  theorem  states  that  the  integral  of  the 
curvature  is  a  constant  which  depends  only  on  the  Euler 
characteristic.  Note  further,  that  as  stated  above  the  theorem 
will  have  no  applications  to  image  processing  because  the 
assumption  that  the  surface  is  closed  is  to  restrictive.  In  image 
processing  the  surfaces  will  always  be  equivalent  to  the  unit  disk 
D  in  E2  whose  boundary  C  is  equivalent  to  S1.  In  this  setting  the 
Gauss-Bonnett  theorem  can  be  reformulated  as  follows  [19], 

Theorem.  If  D  is  an  embedded  disk  in  Euclidean  space  with  boundary  C, 
them-  n 

J  kds  +>  (PI  -  bi)  +1  KdA  =  2*PI  ,  where 
r?t  J P 

k  is  the  geodesic  curvature  of  C  and  bj,...,  bm 
denote  the  inner  angles  at  the  points  where  C  is  not 
differentiable.  The  consequence  of  this  last  theorem  is  that  the 
integral  of  Gaussian  curvature  is  determined  by  the  constant  2*PI 
together  with  the  sums  of  two  numbers  determined  by  the  boundary. 

For  the  purposes  of  image  processing  this  result  is  not  very 
satisfying  because  the  boundary  is  the  least  interesting  part  of 
the  image.  While  the  integral  of  the  Gauss  curvature  will  not  be  a 
useful  measure  of  complexity,  the  integral  of  the  mean  curvature 
could  very  well  be  important.  The  mean  curvature  is  an  extrinsic 
property  (the  Gauss  curvature  is  intrinsic)  and  does  depend  on  the 
embedding.  Thus,  different  images  could  very  well  have  different 
total  Mean  curvatures.  It  might  be  possible  to  relate  this  number 
to  the  complexity  of  the  image  in  some  useful  way.  Other  possible 
approaches  include  computing  the  sum  of  the  minimum  or  maximum  of 
the  absolute  values  of  the  two  principal  curvatures. 

In  order  to  apply  Nackman’s  approach  we  must  first  assume  that  we 
have  a  smooth  surface  which  approximates  the  data.  While  this 
approximation  may  be  possible  in  some  situations,  it  is  doubtfull 
the  infrared  data  that  we  have  been  using  would  be  easily  smoothed 
in  a  way  that  the  essential  character  of  the  image  is  retained.  In 
particular,  a  large  number  of  small  innocuous  false  summits  could 
appear  making  the  image  seem  more  complicated  than  it  is.  While  a 
similar  objection  to  the  work  of  Besl  and  Jain  might  also  be 


raised,  they  have  confronted  the  numerical  aspects  in 
considerable  detail  [3,5].  Polya  [31]  and  Banchoff  [1]  and  [2] 
have  shown  that  the  Critcal  Point  Theorem  of  Morse  and  the  Gauss 
Bonnett  theorems  can  be  phrased  in  the  piecewise  linear  category. 
This  result  implies  that  the  difficulties  of  approximating  the 
data  by  a  smooth  function  can  be  bypassed  and  there  should  be  no 
problem  in  making  the  transition  from  the  smooth  category  to  the 
discrete  setting  of  image  processing.  Thus,  the  work  of  Fenchel 
[9],  Kuiper  [20,21],  Massey  [25],  Otsuki  [30],  and  Wilson  [39] 
can  also  be  incorporated  into  our  investigation. 
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Appendix  A.  The  purpose  of  this  appendix  is  to  summarize  the  results  of 
our  study  of  63  bridge  images  selected  from  the  Eglin  AFB  IRHV7A  image 
library.  The  principal  tool  used  in  this  analysis  was  the  Topographic 
Labeling  Algorithm.  A  glance  at  the  results  summarized  below  indicates 
that  the  algorithm  proved  to  be  an  effective  tool  in  locating  targets. 
In  particular,  the  algorithm  provided  some  useful  information  in  58  of  63 
images  studied.  Better  yet,  it  provided  a  good  approximation  of  the 
target  location  in  53  of  63  images.  The  results  of  the  algorithm  have 
been  checked  against  outputs  of  the  range  data,  probe  values,  level 
slices,  and  raw  data.  Mr.  Paul  Gader  has  kindly  lent  me  the  pictures  he 
used  in  his  1984  bridge  study.  I  have  included  as  many  of  these  as  were 
available.  Note,  however,  since  we  ran  our  data  before  learning  of  Mr. 
Gader's  collection,  the  bridge  numbers  do  not  always  correspond  exactly 
between  picture  and  output. 

Observations  made  while  analyzing  the  bridge  data  include  the 

following.  A  new  topographic  feature,  the  cliff,  should  be  introduced. 

The  reason  for  this  addition  is  that  a  distinction  between  a  very  long 

ridge  with  a  high  percentage  of  ridge  points  and  one  with  a  high 

percentage  of  top-of  -cliff  points  (and  thus  a  low  percentage  of  ridge 

points)  would  help  us  dif ferentiate  between  components  which  represent 

the  conjunction  of  land  and  water  and  those  which  represent  a  bridge. 

The  bridges  were  frequently  represented  by  very  long  ridges  which  had  a 

very  high  percentage  of  ridge  points.  Note  that  the  ridge  points  replace 

the  idea  of  "reverse  parallel"  and  "ant i pa ra 1 1  el "  lines  used  by  Navatia 

and  Babu  and  Davidson  and  Gader.  A  second  observation  is  that  sometimes 

a  long  ridge  would  represent  the  bridge  together  with  a  portion  of  the 

land  at  one  or  both  ends  of  the  bridge.  Even  though  this  component  would 

contain  many  more  pixels  than  the  target,  the  ridge  points  in  the 
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component  would  congregate  at  the  centroid  of  the  target.  We  refer  to 


this  welcome  event  as  "nested  targeting"  because  the  bridge  can  be 

pinpointed  as  one  set  nested  inside  another.  Other  observations  include 

the  fact  that  landmasses  are  frequently  represented  by  flat  ridges  and 
mesas  as  well  as  cliffs.  Also,  while  the  VERY  HIGH  points  were  very 
important  in  the  building  images  and  somewhat  important  in  the  runway 
images,  they  provided  very  little  useful  information  in  these  bridge 
images.  Thus,  the  output  from  this  part  of  the  algorithm  has  not  been 
emphasized.  A  final  observation  is  that  it  was  not  uncommon  in  these 
images  to  identify  the  road  and  land  leading  up  to  the  bridge  but  then  to 
have  the  bridge  itself  disappear.  Upon  examination  of  the  raw  data,  we 
realized  that  sometimes  the  pixel  values  at  the  bridge  would  be  lower 
than  those  of  the  nearby  land.  The  reason  for  this  would  seem  to  be  the 
cooling  effect  that  the  water  has  on  the  bridge.  If  the  bridge  is  small, 
the  pixels  representing  the  target  have  the  appearance  of  a  "saddle".  At 
some  future  time  in  the  project  we  may  want  to  introduce  saddle  points  as 
a  new  local  topographic  label.  Haralick  has  already  done  this  in  his 
work . 

Since  the  principal  interest  in  this  project  is  to  find  targets,  the 

focus  of  the  summary  presented  here  is  on  the  application  of  the 

topographic  features  to  locate  the  bridge.  The  algorithm  was  tested  on 
the  63  bridge  images  discussed  below.  Range  data  indicating  the  size  and 
placement  of  the  target  was  available  for  all  of  these  images.  If  the 
algorithm  labeled  one  or  two  components  that  contained  80%  of  the  pixels 
in  the  target,  then  we  assigned  a  grade  of  EXCELLENT.  If  the  bridge 
together  with  adjacent  land  is  represented  by  a  long  ridge  (for  example) 
and  the  number  of  ridge  points  approximates  the  number  of  pixels  in  the 
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target,  then  we  assigned  a  grade  of  VERY  GOOD.  If  the  bridge  together 


with  adjacent  land  is  represented  by  a  long  ridge,  then  we  assigned  a 
grade  of  GOOD.  If  no  component  is  found  at  the  centroid  of  the  target, 
but  a  significant  ridge  is  found  which  points  in  the  direction  of  the 
target,  then  MARGINAL  PASS.  If  the  target  was  not  found,  then  POOR.  The 
following  list  gives  a  summary  of  the  results. 


GRADE 


NUMBER 


Excellent  2 

Very  good  7 

Good  44 

Marginal  pass  5 

Poor  5 

Total  63 

The  following  tables  and  subsequent  remarks  give  a  summary  of  the 
study  of  the  bridge  images  investigated  so  far.  Note  that  there  is  only 


one  target  and  one  object  in  each  image.  Note  further  that  all  images 
with  the  same  first  three  numbers  are  of  the  same  target.  All  images  are 
115x355  and  thus  contain  40,825  pixels.  In  the  following  chart  the 


distance  (in  feet)  from  the  sensor  to  the  target  is  listed  in  the  column 
headed  by  DIST.  The  coordinates  of  the  center  of  the  target  in  the  image 
appear  in  the  column  headed  by  CENTROID.  The  dimensions  of  the  smallest 


rectangle  containing  the  target  is  listed  in  the  column  headed  by  DIM. 
The  number  of  pixels  in  the  target  is  in  the  column  PIXELS.  The  mean  and 
standard  deviation  of  the  entire  image  are  listed  under  MEAN  and  STAND. 


Note  that  the  column  ALT,  present  in  Report  Two  has  been  deleted.  The 
reason  for  this  omission  is  that  every  altitude  of  every  runway, 
building,  and  bridge  investigated  so  far  has  been  between  1 ,000  and  l,3b0 


feet.  The  slight  differences  in  these  heights  did  not  seem  worth 


record i ng . 
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D8RG201 ** 


IMAGE 

DIST 

CENTROID 

DIM  PIXELS 

MEAN 

STAND 

4 

BRG20101 

25,220 

(51 ,180) 

(2,8) 

16 

130.85 

36.29 

i 

• 

* 

BRG201 12 

19,021 

(57,167) 

(2,11) 

22 

123.57 

41 .81 

j 

BRG20117 

13,893 

(54,173) 

(3,15) 

30 

1 20.74 

44.81 

; 

BRG20123 

8,760 

(49,178) 

(6,23) 

67 

107.03 

42.11 

f 

L 

BRG20131 

1  ,902 

(57,177) 

(38,123) 

1  ,040 

124.74 

41.02 

r 

t 

Remarks : 

i 

1 

s 

BRG201 O’ 

1  contains 

8  ridges  (4  of  these 

are 

very  long) 

and  3 

sina  1 1  | 

and  very 

small  peaks 

among  the 

very  high 

points.  The  target  is 

in  an  j 

i solated , 

smal 1  ridge  which  has 

78  pixels. 

The  image  contains 

two  very 

long  ridges 

and 

one  massive 

ridge 

| 

-  peak  3 

system  among  the  high  points.  The  ridge  containing  the  target  has  21% 
of  its  1,112  pixels  Identified  as  ridge  points.  The  other  ridge  has 
48%  of  its  726  pixels  identified  as  ridge  points.  These  two  ridges 

have  752  and  352  top-of-cliff  points  respectively.  This  high 

percentage  of  top-of-cliff  points  indicates  these  ridges  represent  a 
region  where  the  land  meets  the  water. 

Target  grade:  good 

8RG201 1 2  contains  six  ridges  among  the  very  high  points.  Three  of 
the  ridges  are  very  long  and  one  is  long.  The  target  is  between  two 

unlabeled  components  which  contain  63  and  39  pixels,  respectively. 

The  image  contains  one  massive  ridge-peak  system  with  11,257  pixels 
among  the  high  points.  This  ridge-peak  system  represents  t  fie 
causeway,  bridge,  and  land.  Ten  percent  of  its  pixels  are  ridge 

points,  which  are  concentrated  at  the  centroid  of  the  target.  Since 
the  target  contains  only  22  pixels,  we  assign  a  target  grade  of  poor. 

Target  grade:  poor 

BRG20117  contains  8  ridges  and  three  peaks  among  the  very  high 

points.  One  of  the  ridges  is  long  and  the  peaks  are  all  small  or  very 
sma 1 1 . 

The  image  contains  one  massive  ridge-peak  system  and  one  large 

ridge-peak  system  among  the  high  points.  The  larger  component  has  63% 
of  its  10,138  pixels  Identified  as  flat  points  and  represents  both  the 
land  and  bridge.  The  target  is  also  near  the  end  of  the  large 

ridge-peak  system  which  has  11%  of  its  2,663  pixels  identified  as 
ridge  points.  These  ridge  points  tend  to  be  concentrated  near  the 
target . 

Target  grade:  good 
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8RG20123  contains  6  peaks  and  4  ridges.  The  peaks  are  small  o 
very  small.  Three  of  the  ridges  are  very  long  and  one  is  long. 

Located  among  the  high  points  are  one  large  mesa,  one  small  ridge, 
one  long  ridge,  one  very  long  ridge,  and  one  large  ridge-  peak 
system.  The  mesa  is  parallel  to  the  bridge  and  represents  land.  The 
target  is  located  at  the  point  where  the  large  ridge-peak  system 
containing  3,381  pixels  and  a  very  long  ridge  containing  759  pixels 
come  into  the  closest  contact.  The  ridge-peak  system  has  its 

pixels  identified  as  ridge  points,  while  the  very  long  ridge  lias  26% 
of  its  pixels  identified  as  ridge  points. 

Target  grade:  good 

BRG20131  contains  6  ridges  among  the  very  high  points.  One  or  ridges 
is  very  long  and  two  are  long.  The  target  contains  a  ver  long  ridge  with 
676  pixels . 

The  image  contains  two  very  long  ridges  among  the  high  points.  The 
target  is  located  in  a  massive  ridge  which  contains  8,384  pixels.  This 
ridge  clearly  contains  the  roadway  and  the  target.  The  pilings  are  even 
visible  in  the  output.  While  this  ridge  has  797  ridge  points  (which  is 
approximately  the  number  of  pixels  in  the  target),  there  does  not  seem  to 
be  a  concentrat ion  at  the  centroid  of  the  target. 

Target  grade:  good 


D8RG206** 


IMAGE 

DIST 

CENTROID 

DIM 

PIXELS 

MEAN 

STAND 

BRG2061 1 

20,409 

(52,162) 

(2.55) 

no 

107.97 

26.72 

BRG206 1 6 

18,330 

(59,179) 

(2,63) 

126 

107.45 

28.08 

8RG20620 

14,832 

(60,180) 

(3,79) 

197 

106.61 

29.53 

8RG20631 

6,271 

(46,180) 

(8,224) 

561 

104.35 

19.27 

8RG20636 

2,029 

(71 ,180) 

(74,360) 

19,620 

140.71 

22.15 

Remarks : 

8RG20611  contains  11  ridges  and  one  small  peak  among  the  very  high 
points.  Five  of  the  ridges  are  very  long  and  one  Is  long.  The  target 
Is  located  In  a  very  long  ridge  that  contains  191  pixels. 

The  Image  contains  5  ridges  and  one  small  mesa  among  the  high 
points.  Two  of  the  ridges  are  very  long  and  one  of  the  ridges  is  a 
massive  high  flat  ridge  containing  8,161  pixels.  The  land  is 
represented  by  the  massive  high  flat  ridge  and  is  parallel  to  a  very 

long  ridge  containing  825  pixels.  A  spit  of  land  is  represented  by  a 
long  (but  not  very  long)  ridge  with  40%  of  its  pixels  identified  as 
ridge  points.  The  target  is  at  the  end  of  a  ridge  with  37%  of  its 

1,138  pixels  identified  as  ridge  points.  When  the  raw  data  of  the 

image  was  examined  in  the  vicinity  of  the  centroid  of  the  target,  the 
bridge  did  not  stand  out. 

Target  grade:  good 

8RG2061 6  contains  10  ridges  among  the  very  high  points.  Six  of 
these  ridges  are  very  long.  The  target  is  located  in  a  ve  long  ridge 
which  contains  166  pixels.  One  component,  containing  39  pixels,  is  not 
labeled  and  is  lined  up  towards  the  target. 

The  image  contains  4  ridges  among  the  high  points.  One  of  the 

ridges  is  very  long,  one  is  massive  and  flat,  and  one  is  small  and 
flat.  The  target  is  located  near  the  two  smaller  ridges  which  have 
1,134  and  926  pixels,  respectively.  The  massive  ridge  has  8,369  pixels 
and  represents  the  land.  The  ridges  are  distinctive  because  27%  and 
39%  of  their  pixels,  respectively,  are  identified  as  ridge  points. 

Target  grade:  good 

BRG20620  contains  8  ridges  and  4  small  peaks  among  the  very  high 
points.  Three  of  the  ridges  are  very  long.  A  very  long  rid  with  189 
pixels  represents  land  and  is  near  the  target. 

The  image  contains  4  ridges  among  the  high  points.  Two  are  small, 
one  is  very  long,  and  one  is  massive.  The  very  long  ridge  with  57%  of 
its  1,024  pixels  identified  as  ridge  points  represents  the  bridge 
together  with  the  causeway.  Another  small  ridge  with  84%  of  its  173 
pixels  identified  as  ridge  points  represents  the  road  on  the  other  side 
of  the  bridge.  There  was  a  concentration  of  ridge  points  at  the 
centroid  of  the  target.  The  massive  flat  ridge  with  9,432  pixels 
represents  the  land. 

Target  grade:  good 


8RG20631  contains  5  ridges  among  the  very  high  points.  Three  oi  trie 
ridges  are  long  and  one  is  very  long.  A  small  ridge  containing  86  pixels 
and  a  very  long  ridge  containing  120  pixels  together  form  a  line.  These 
ridges  contain  only  top-of-cliff  points.  The  centroid  of  the  target  is 
on  the  sma 1 1  ridge . 

The  image  contains  two  ridges  among  the  high  points.  One  ridge  is 
long  and  has  10%  of  its  2,610  pixels  identified  as  ridge  points.  The 
other  is  very  long  and  has  51%  of  its  3,631  pixels  identified  as  ridge 
points.  The  ridges  are  parallel  and  clearly  represent  the  bridge  and 
causeway.  Even  the  superstructure  of  the  bridge  is  visible.  There  is 
also  a  concentration  of  ridge  points  at  the  target. 

Target  grade:  very  good 


BRG20636  contains  10  ridges,  5  peaks  and  6  unlabeled  components  among 
the  very  high  points.  Two  of  the  ridges  are  very  long  and  two  are  long. 
Four  of  the  peaks  are  very  small.  A  very  long  ridge  containing  1,165 
pixels  is  parallel  to  a  component  containing  60  pixels  that  is  not 
labeled. 

The  image  contains  5  ridges  and  one  small  mesa  among  the  high  points. 
Two  of  the  ridges  are  very  long  and  two  are  long.  All  the  components 
except  possibly  one  very  long  ridge  are  contained  in  the  target.  The 
total  of  all  the  pixels  in  these  components  in  the  target  is  7,978.  Note 
that  the  target  is  represented  by  19,620. 

Target  grade:  good 


D8RG207** 


IMAGE. 

D1ST 

CENTROID 

DIM 

PIXELS 

MEAN 

STAND 

BRG2071 1 

23,544 

(62,167) 

(2,49) 

73 

117.64 

26.05 

BRG20715 

17,471 

( 53,170) 

(5,57) 

115 

116.14 

30.20 

BRG20720 

13,775 

(53,177) 

(7,67) 

145 

108.02 

38.10 

8RG20724 

11 ,376 

(52,171) 

(11.84) 

187 

95.99 

38.70 

BRG20730 

6,779 

(56,181 ) 

(27,156) 

690 

86.67 

25.57 

Remarks : 

BRG20711  contains  7  ridges  and  6  unlabeied  components  among  the  very 
high  points.  Five  of  the  ridges  are  very  long  while  two  are  long.  A 
very  long  ridge  with  225  pixels  contains  the  target. 

The  image  contains  8  ridges  and  two  small  mesas  among  the  high  points. 
Three  of  the  ridges  are  very  long,  three  are  long  and  two  are  small.  Two 
long  ridges  containing  308  and  279  pixels,  respectively,  are  parallel  to 
a  very  long  ridge  containing  896  pixels.  This  very  long  ridge  is  at  the 
target  and  contains  the  bridge  and  one  piece  of  the  land  leading  up  to 
the  bridge.  The  ridge  is  also  distinctive  because  it  has  61%  of  its 
pixels  identified  as  ridge  points.  All  the  other  ridges  have  a  much 
lower  percenta  ,e  of  ridge  points.  They  would  be  more  accurately  labeled 
as  cliffs.  There  is  a  concentration  of  ridge  points  at  the  target. 

Target  grade:  good 

BRG207 1 5  contains  nine  ridges  among  the  very  high  points. 

Three  of  these  are  very  long. 

The  image  contains  9  ridges  among  the  high  points.  Six  of  these  are 
very  long  and  one  is  small  and  flat.  A  very  long  ridge  containing  1,228 
pixels  contains  the  centroid  of  the  target  and  is  parallel  to  a  very  long 
ridge  containing  878  pixels.  There  is  a  concentration  of  ridge  pixels  at 
the  target. 

Target  grade:  good 

BRG20720  contains  five  ridges,  one  small  crest,  and  one  small  peak 
among  the  very  high  points.  Two  of  the  ridges  are  very  long. 

The  image  contains  7  ridges  and  one  massive  ridge-peak  system  among  the 
high  points.  Four  of  the  ridges  are  very  long.  The  target  is  located  in 
the  middle  of  a  very  long  ridge  which  has  56%  of  its  1,660  pixels 
identified  as  ridge  points.  This  ridge  is  parallel  to  another  very  long 
ridge  containing  210  pixels.  A  massive  flat  ridge-peak  system  with  6,536 
pixels  represents  a  major  portion  of  the  land 

Target  grade:  good 
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BRG20724  contains  three  small  ridges  and  one  small  peak  among  the  very 
high  points. 

The  image  contains  two  ridges  and  a  massive  ridge-peak  system 
containing  5,923  pixels  among  the  high  points.  One  of  the  ridges  is  very 
long  and  represents  a  narrow  spit  of  land.  Ihe  massive  ridge-peak  system 
connects  the  bridge  to  the  land  and  contains  the  target.  Most  of  its 
1,024  ridge  points  form  a  line  which  contain  the  target.  Note  that  the 
target  contains  187  pixels.  There  is  a  concentration  of  ridge  points  at 
the  target. 

Target  grade:  good 

BRG20730  contains  5  small  ridges  and  4  very  long  ridges  amon  the  very 
high  points. 

The  image  contains  one  small  peak  and  a  massive  ridge  among  the  high 
points.  The  ridge  has  1,304  of  its  6,351  pixels  identified  as  ridge 
points.  Since  the  target  contains  690  pixels,  we  have  a  fairly  good 
approx imat i on . 

Target  grade:  good 


DBRG208** 


IMAGE 

0 1  ST 

CENTROID 

DIM 

PIXELS 

MEAN 

STA 

8RG20801 

21,605 

(43,209) 

(2.3) 

6 

142.36 

21  .20 

8RG20806 

24,118 

(58,183) 

(4,4) 

16 

148.51 

21  .67 

BRG20821 

12,158 

(56,176) 

(11,14) 

117 

148.18 

36.68 

8RG20825 

8,079 

(48,172) 

(20,20) 

390 

133.02 

42.92 

8RG20831 

3,603 

(57,167) 

(114,48) 

4,743 

123.16 

23.09 

Remarks:  Note  that  the  orientation  of  the  last  two  images  in  this 
group  is  rotated  90  degrees  from  the  first  three. 

8RG20801  contains  13  ridges  among  the  very  high  points.  Six  of 
these  ridges  are  very  long.  The  target  is  located  near  two  parallel, 
unlabeled  components  as  well  as  two  very  long  parallel  ridges. 

The  image  contains  10  ridges  and  one  medium-sized  ridge-peak  system 
among  the  high  points.  The  target  is  found  at  the  end  of  a  very  long 
ridge  containing  772  pixels.  This  ridge  is  parallel  to  a  very  long 
ridge  containing  676  pixels  and  a  long  ridge  containing  744  pixels  and 
is  colinear  with  another  very  long  ridge  containing  430  pixels.  All  of 
these  ridges  have  a  low  percentage  of  ridge  points  and  would  probably 
be  more  accurately  labeled  cliffs. 

Target  grade:  good 

8RG20806  contains  four  peaks  and  7  ridges  among  the  very  high 

points.  The  peaks  are  small  and  very  small.  Two  of  the  ridges  are 
long  and  two  are  very  long. 

The  image  contains  7  ridges  among  the  high  points.  Two  of  these  are 
very  long  and  three  are  long.  The  target  is  located  on  a  very  long 

ridge  with  30%  of  its  1,481  pixels  identified  as  ridge  points  Most  of 

the  ridge  points  are  near  the  target.  This  ridge  is  parallel  to  two 

ridges  containing  294  pixels  and  538  pixels,  respectively. 

Target  grade:  good 

BRG20821  contains  three  small  ridges  3nd  10  small  and  very  small 

peaks  among  the  very  high  points.  A  component  that  is  not  labeled 
contains  74  pixels  is  located  near  the  target.  An  isolated  small  peak 
containing  38  pixels  is  also  located  near  the  target. 

The  image  contains  11  ridges  and  two  small  peaks  among  the  high 
points.  Two  of  the  ridges  are  very  long.  The  target  is  located  near 

the  very  long  ridge  with  52%  of  its  514  pixels  Identified  as  ridge 
points  The  target  Is  also  near  two  small,  parallel  ridges.  The 

closer  one  contains  166  pixels,  while  the  further  one  contains  1 04 

pixels  These  last  two  ridges  contain  52%  and  26%  ridge  points, 
respec  t i ve  1  y 

Target  grade:  good 


BRG20826  contains  5  small  and  very  small  peaks  among  the  very  high 
points.  A  small  ridge  containing  32  pixels  is  located  near  the  target. 

The  image  contains  one  massive  ridge-peak  system  containing  5,048 
pixels  and  one  small  ridge  among  the  high  points.  The  target  is  between 
where  this  ridge-peak  system  and  an  unlabeled  component  with  5,030  come 
in  closest  contact.  Since  the  target  contains  only  390  pixels,  this 
Information  would  not  be  of  much  use.  .However,  a  very  distinct 
concentrat ion  of  the  ridge-peak  system  s  791  ridge  points  appears  near 
the  centroid  of  the  target. 

Target  grade:  good 

BRG20831  contains  a  small  ridge  and  very  long  ridge  among  the  very  high 
points.  The  very  long  ridge  containing  440  pixels  and  the  small  ridge 
containing  187  pixels  are  near  the  target.  The  centroid  of  the  target  is 
located  on  a  small  crest  containing  1,9  pixels. 

The  image  contains  one  massive  ridge-peak  system  among  the  hig  points. 
It  contains  6,271  pixels  and  covers  everything  near  the  target.  Forty 
percent  of  its  points  are  flat.  Note  that  the  target  has  4,743  pixels. 
Target  grade:  good 


D8RG215** 


IMAGE 

DIST 

CENTROID 

DIM 

PIXELS 

ME  AN 

STAND 

BRG21 504 

20,065 

(45,167) 

(2,14) 

20 

117.53 

39.06 

BRG21 51  1 

20,029 

(57,177) 

(2,17) 

34 

121  .11 

39.91 

BRG21516 

15,423 

(52,175) 

(3,22) 

44 

119.11 

44.15 

BRG21520 

13,262 

(56,173) 

(2,28) 

56 

144.00 

46.69 

BRG21 534 

3,795 

(64,1751 

(33,192) 

2,186 

14?. 80 

39.19 

Remarks : 

BRG21504  contains  9  ridges  and  three  peaks  among  the  very  high 
points.  Four  of  the  ridges  are  very  long  and  one  is  long.  A  ver  long 
ridge  containing  228  pixels  is  located  at  the  target.  A  small  ridge 
containing  43  pixels  is  also  near  the  target  and  colli  to  the  very  long 
ridge  mentioned  above. 

The  image  contains  three  ridges,  one  small  mesa  and  one  large 
ridge-peak  system  among  the  high  points.  The  small  ridge  with  l? 
pixels  is  flat.  A  very  long  ridge  with  407  of  its  2,056  pixels 
identified  as  ridge  pixels  contains  the  target. 

Target  grade:  good 

BRG21511  contains  8  ridges  and  3  small  and  very  small  peaks  among 
the  very  high  points.  Two  of  the  ridges  are  very  long.  lw  small 
ridges  containing  30  pixels  and  42  pixels,  respectively  are  near  the 
target.  The  ridge  containing  42  pixels  is  at  the  target  and  is  one 
pixel  wide. 

The  image  contains  one  massive  ridge-peak  system,  one  ridge,  and  one 
very  long  ridge  among  the  high  points.  The  target  is  nea  each  of  these 
three  components.  The  ridge-peak  system  represents  large  portion  ot  the 
land.  The  pixel  values  which  represent  the  bridge  itself  are  somewhat 
lower  than  the  road  and  land  leading  u  to  it.  Thus,  it  has  a  somewhat 
"saddle"  shape.  The  ridge  has  71  of  its  pixels  identified  as  ridge 
points  . 

Target  grade:  good 

8RG21516  contains  5  ridger  and  5  peaks  among  the  very  high  points. 
Three  of  the  ridges  are  very  long.  The  peaks  are  small  and  very 
small.  A  very  long  ridge  containing  470  pixels  is  located  near  the 
ta  rget  . 

The  image  conta'ns  three  ridges  and  one  ridge  peak  system  amon  the 
high  points.  A  very  long  ridge  containing  89?  pixels  is  located  near 
the  target  and  points  at  it  The  massive  range-peak  system  with  60%  ot 
its  10,137  pixels  identified  as  flat,  and  gentl  slope  points  is  next  to 
the  ta  rget  . 

Target  grade:  marginal  pass 

BRG21S20  contains  6  small  and  very  small  peaks  and  5  ridges  among 
the  very  high  points  A  very  small  peak  containing  IS  pixels  is  near 
the  target  A  ''omponent  that  is  not  labeled  is  near  the  target  and 
r  on  t  a  ins  39  pixels 


The  Image  contains  4  ridges  and  one  massive  ridge-peak  system  among 
the  high  points.  One  of  the  ridges  is  very  long,  one  is  long,  and  one 
is  flat.  The  massive  ridge-peak  system  is  nearest  the  centroid  of  the 
target  and  contains  7,578  pixels.  The  small  flat  ridge  contains  334 
pixels  and  is  parallel  to  the  massive  ridge-peak  system.  The  very  long 
ridge  containing  729  pixels  as  well  as  a  branch  of  the  massive 
ridge-peak  system  points  directly  at  the  target.  A  small  component  of 
ridge  points  in  the  ridge-  peak  system  is  at  the  centroid  of  the  target. 

Target  grade:  good 

BRG21  534  contains  5  ridges  and  and  one  small  peak  among  the  very 
high  points.  One  of  the  ridges  is  very  long  and  has  the  property  that 
one  third  of  its  pixels  are  ridge  points.  More  importantly,  1,209  of  its 
1,591  pixels  are  within  a  half  a  standa  deviation  of  the  maximum  value  of 
the  image.  Thus,  this  ridge  is  very  prominant. 

The  image  has  a  massive  ridge  and  a  medium  sized  mesa  among  th  high 
points  The  ridge  Is  very  prominent  and  has  the  property  th  1,170  of  its 
7,050  pixels  are  identified  as  ridge  points.  While  the  ridge  engulfs  the 
target,  the  ridge  points  are  near  the  centroid  of  the  target  The  medium 
sized  mesa  has  1,861  pixels  a  represents  a  part  of  the  land  Note  that 
the  target  contains  2,18  pixels. 

Target  grade:  very  good 
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BRG21 bOl 

24 , 1 b2 

(52,175) 

(2.3) 

b 

112.59 

39.0b 

8RG21 bOb 

21 ,080 

(53.17b) 

(2,3) 

b 

102.73 

24  .  39 

8RG2 1 b 1 0 

19,18b 

(57.178) 

(3,4) 

12 

100. bO 

2b. b8 

BRG2T  621 

10,298 

(47,188) 

(6.3) 

10 

98.2b 

49.00 

BRG21623 

9,b85 

( bl ,171) 

(3,3) 

21 

74.12 

43.73 

Remarks:  In 

this  set  of 

images  the 

target 

is  very 

small  and 

i  s 

oriented  at  a  right  ai.gle  from  the  directions  of  the  very  long  ridges 
found  nearby.  Moreover,  the  pixel  values  exactly  on  the  bridge  are 
somewhat  lower  than  the  nearby  road  and  land.  (These  lower  values  are 
probably  caused  by  the  proximity  to  the  bridge.) 

BRG21601  contains  7  ridges  and  one  very  small  peak  among  the  very 
high  points.  Three  of  the  ridges  are  very  long.  A  very  Ion  ridge 

containing  502  pixels  points  at  the  target,  as  does  a  small  ridge  with 
204  pixels.  One  end  of  a  small  ridge  containing  45  pixels  is  almost  at 
the  centroid  of  the  target. 

The  image  contains  11  ridges  and  two  small  mesas  among  the  high 
points.  A  very  long  ridge  containing  bb2  pixels  and  a  small  ridge 

containing  102  pixels  are  parallel  to  a  very  long  ridge  containing 
2,119  pixels.  The  very  long  ridge  with  bb2  pixels  and  the  small  ridge 
are  near  the  target.  The  very  long  ridge  with  37%  ot  its  2,119  pixels 
identified  as  ridge  points  contains  the  target.  Sev  ot  its  10  peak 
point. s  in  this  ridge  are  near  the  target  Another  small  ridge  with 
105  pixels  is  also  near  the  target. 

Target  grade:  good 

BRG21b0b  contains  15  ridges  among  the  very  high  points.  five  of  the 

ridges  are  very  long.  All  but  two  components  have  every  pixel 

identified  as  a  top  -o  f  -cliff  point. 

The  image  contains  12  ridges  and  one  medium  sized  mesa  among  the 

high  points.  Nine  of  the  ridges  are  very  long.  None  of  the  components 

have  more  than  a  few  pixels  higher  than  the  mean.  The  target  is  near 

the  ends  of  two  very  long  ridges  with  15%  ot  352  a  44%  of  M4  pixels, 

respectively,  identified  as  peak  points.  Howe  since  ther  are  9  very 
long  ridges  in  the  image,  these  ridges  are  very  distinctive. 

Target  grade.  good  (but  not  great) 

BRG2lbl0  contains  18  ridges  among  the  very  high  points  Ten  at  the 

ridges  are  very  long.  Fvpry  component  has  the  property  that  every 

pixel  is  a  top  of  cliff  point. 

The  image  contains  13  ridges  among  the  high  points  >vi  n  o*  the 

rldges  are  very  long  and  one  is  long  The  centroid  *  the  target  it 

the  end  of  a  very  long  r  idge  with  21%  ot  its  88  .'  p  i «  o  1  ■  ’den?  .  1  ied  i 

ridge  pixels  The  target  is  also  at  the  enn  '.it  another  very  ling  r  i  Ige 
with  b0%  ol  80  7  pixels  identified  is  ridge  points  ti, ,-f  r ,  there  ire 
-ther  very  long  ridge',  in  the  image  *  i  t  h  i  high  pen  ent  ige  >.t  '  id, 

po  i  n  t  s 

Target  grade 


•  J-  '  S  *  .  * 


y  V  r .  •  \  • 


jood  (tint  not  gre.it  ) 


BRG21621  contains  6  peaks  and  4  ridges  among  the  very  high  points.  The 
peaks  are  small  and  very  small.  Two  of  the  ridges  ar  very  long  and  one 
is  long. 

The  image  contains  three  small  mesas,  11  ridges  and  one  small  peak 
among  the  high  points.  The  small  peak  has  190  pixels  and  is  near  the 
target.  A  very  long  ridge  with  85%  of  its  208  pixels  points  directly  at 
the  target.  A  ridge  with  20%  of  its  933  pixels  represents  the  land  arid 
road  leading  up  to  the  target. 

Target  grade:  good 

BRG21623  contains  7  ridges  and  7  small  and  very  small  peaks  among  the 
very  high  points.  One  ridge  is  very  long  and  one  is  long.  The  centroid 
of  the  target  is  located  on  a  ridge  containing  99  pixels. 

The  image  contains  a  massive  ridge-peak  system.  The  ridge-peak  system 
contains  9,499  pixels  and  engulfs  the  target.  While  the  target  is  very 
clearly  delineated  by  the  ridge-peak  system,  there  seems  to  be  no  way  to 
locate  the  21  pixels  representing  the  bridge 
Target  grade:  marginal  pass 
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IMAGE 

DIST 

CENTROID 

DIM 

PIXELS 

MEAN 

STAND 

BRG22703 

38,505 

(66,282) 

(2,3) 

6 

101 .54 

23.17 

BRG22706 

27,453 

(56,298) 

(3,4) 

9 

118.05 

22.08 

BRG227 1 0 

24,124 

(57,283) 

(4,5) 

12 

119.33 

20.57 

BRG22741 

15,882 

(67,282) 

(7,19) 

88 

111 .24 

34.78 

BRG2274  5 

9,595 

(50,290) 

(15,34) 

258 

100.93 

46.34 

BRG22753 

2,199 

(61,205) 

(119,180) 

8,211 

125. 51 

35.10 

Remarks : 

BRG22703  contains  8  ridges,  7  small  and  very  small  peaks,  one  crest, 
and  one  small  mesa  among  the  very  high  points.  Four  of  the  ridges  are 
very  long  and  one  is  long. 

The  image  contains  7  ridges  and  one  small  peak  among  the  high 

points.  Three  of  the  ridges  are  very  long  and  one  is  long.  The  peak 
containing  3,395  pixels  is  located  near  the  target.  The  pixels 
representing  the  target  itself  are  missing  because  they  hav  somewhat 
lower  values  than  the  surrounding  land.  (This  situation  can  probably 
be  attributed  to  the  influence  of  the  surrounding  water.) 

Target  grade:  poor 

BRG22706  contains  8  ridges,  6  small  and  very  small  peaks,  and  two 
small  crests  among  the  very  high  points.  Two  of  the  ridges  ar  very 
long  and  one  is  long. 

The  image  contains  11  ridges  among  the  high  points.  five  of  the 

ridges  are  very  long  and  three  are  long.  A  very  long  ridge  with  61%  of 
its  272  pixels  identified  as  ridge  points  is  located  the  centroid  of 
the  target.  The  pixels  representing  the  bridge  a  between  this  ridge 

and  another. 

Target  grade:  marginal  pass 

BRG22710  contains  17  peaks  and  5  ridges  among  the  very  high  points. 
Three  of  the  ridges  are  very  long. 

The  image  contains  9  ridges,  one  prominant  peak,  and  one  small 

ridge-peak  system  among  the  high  points.  Four  of  the  ridges  are  very 
long.  The  peak,  two  very  long  ridges,  and  a  small  ridge  are  near  the 
target.  The  peak  has  2,223  pixels  and  is  probably  miss-  labeled.  The 
ridges  have  only  15%  and  13%  of  their  pixels  identified  as  ridge  points. 

Target  grade:  marginal  pass 

BRG22741  contains  32  small  and  very  small  peaks  as  well  as  two  small 
ridges  among  the  very  high  points.  One  small  peak  was  near  the  target. 

The  image  has  17  ridges  and  3  small  peaks  among  the  high  points.  Two 
of  the  ridges  are  very  long  and  three  are  long.  A  ridge  with  133 
pixels  is  at  the  centroid  of  the  target.  This  ridge  has  60%  of  its 
pixels  identified  as  ridge  points.  Another  ridge  with  30%  of  its  737 
pixels  identified  as  ridge  points  is  located  near  the  centroid  of  the 
target.  However,  there  are  many  other  ridges  that  are  more  distinctive 
*han  the  ones  near  the  target. 

tar'jpf  grade:  good  (but  not  great) 


BRG22745  contains  19  small  and  very  small  peaks  among  the  very  high 
points.  One  small  unlabeled  component  with  37  pixels  is  near  the 
centroid  of  the  target. 

The  image  contains  10  ridges  and  two  small  peaks  among  the  high 
points.  Two  of  the  ridges  are  long.  The  centroid  of  the  target  is  on 
a  ridge  with  3,378  pixels.  Twenty  one  percent  of  the  pixels  on  this 
ridge  are  ridge  points.  These  ridge  points  are  concentrated  at  the 
target . 

Target  grade:  very  good 

BRG22753  contains  6  ridges  and  one  small  peak  among  the  very 
high  points.  Two  of  the  ridges  are  very  long. 

The  image  contains  one  massive  ridge-peak  system  and  one  ridge  among 
the  high  points.  The  ridge-peak  system  contains  7,176  pixel  and  is 
located  at  the  centroid  of  the  target.  Note  that  the  targe  contains 
8,211  pixels. 

Target  grade:  very  good 
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BRG2291 1 

17,506 

(56,271) 

(5,49) 

122 

116.41 

30.56 

BRG2291 6 

15,025 

(68,280) 

(8,58) 

120 

108.63 

36.35 

BRG22920 

15,085 

(65,275) 

(9,6?) 

13? 

111 .72 

36.01 

8RG22927 

8,270 

(69,254) 

(20,107) 

424 

106.72 

35.99 

Remarks : 


BRG22911  contains  11  ridges  and  6  small  and  very  small  peaks  among 

the  very  high  points.  Six  of  the  ridges  are  very  long. 

The  image  contains  18  ridges  and  one  small  mesa  among  the  high 
points.  Seven  of  the  ridges  are  very  long  and  two  are  long.  A  very 
long  ridge  with  71%  of  its  480  pixels  identified  as  ridge  points  is 
located  at  the  target.  All  the  other  very  long  ridges  have  fewer  than 
30%  ridge  points.  (All  but  one  below  21%. ) 

Target  grade:  good 

BRG2291 6  contains  5  ridges  and  7  small  and  very  small  peaxs  among 

the  very  high  points.  Four  of  the  ridges  are  very  long  and  one  is  long. 

The  image  contains  9  ridges,  one  small  mesa,  and  one  small 

ridge-peak  system  among  the  high  points.  Five  of  the  ridges  are  very 

long.  A  very  long  ridge  with  901  of  its  3,853  pixels  identified  as 

ridge  points  contains  the  target  and  a  portion  of  the  land.  The  ridge 
pixels  are  concentrated  at  the  target.  A  very  long  ridge  containing 

433  pixels  is  parallel  and  near  the  ridge  that  is  located  at  the  target. 

Target  grade:  good 

BRG22920  contains  11  ridges  among  the  high  points.  Seven  of  the 

ridges  are  very  long.  Very  long  ridges  containing  513  and  315  pixels, 
respectively,  are  located  near  the  target.  A  small  ridge  containing 

107  pixels  is  also  located  near  the  target. 

Target  grade:  good 

BRG22927  contains  5  ridges  and  5  peaks  among  the  very  high  points. 
One  of  the  ridges  is  very  long  and  one  is  long. 

The  image  contains  three  ridges  among  the  high  points.  A  massive 
ridge  with  16%  of  its  5,828  pixels  identified  as  ridge  points  runs 
through  the  target. 

Target  grade:  good 
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BRG2341  1 

23,028 

(66,245) 

(3,3) 

6 

147.27 

5.78 

BRG2341 5 

20,666 

(76,242) 

(3,2) 
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1 51 .90 

5.24 

BRG23420 

16,433 

(94,177) 

(4,2) 

8 

149.08 

5.31 

BRG23423 

16,185 

(118,177) 

(4,2) 

8 

154.98 

5.75 

BRG23429 

4,564 

(53,118) 

(57,8) 

342 

141.42 

19.35 

BRG23432 

2,851 

(63,135) 

(115,20) 

748 

121.74 

17.15 

Remarks:  Note  the  extremely  low  standard  deviation  in  the  first 

four  images  in  this  group.  While  it  was  very  difficult  to  discern  any 
features  in  these  images  when  inspected  visually,  the  labeling 
algorithm  performed  reasonably  well. 

BRG2341 1  contains  three  small  and  very  small  peaks,  one  small  mesa 
and  one  ridge  among  the  very  high  points. 

The  image  contains  one  medium-sized  mesa,  one  large  ridge-peak 
system  containing  4,344  pixels,  and  three  ridges  among  the  high 
points.  The  target  was  not  found. 

Target  grade:  poor 

BRG2341 5  contains  two  ridges,  one  very  small  peak,  one  small  crest 
and  one  small  mesa  among  the  very  high  points.  One  of  the  ridges  was 
very  long. 

The  image  contains  5  ridges,  one  medium-sized  mesa,  and  one  large 
ridge -peak  system  among  the  high  points.  Three  of  the  ridges  are  very 
long  and  one  is  long  and  flat.  The  small  ridge  with  149  pixals  is  at 
the  centroid  of  the  target.  The  long  flat  ridge  and  the  ridge-peak 
system  are  near.  Two  of  the  very  long  ridges  are  parallel  and  point 
towards  the  target.  Fifty-nine  percent  of  the  pixels  in  the  ridge -peak 
system  are  flat  or  gently  sloping  points.  Thus,  while  the  target  has 
only  6  pixels  and  is  not  represented  by  any  particular  component,  its 
location  can  be  pinpointed  almost  exactly.  Note  the  incredible 
blandness  of  the  CCGRAY  picture  of  this  image. 

Target  grade:  good 

BRG23420  contains  5  ridges,  two  small  peaks,  and  a  medium-  sized 
crest  among  the  high  points.  An  unlabeled  component  with  55  pixels  is 
near  the  centroid  of  the  target. 

The  image  contains  10  ridges  and  one  small  mesa  among  the  high 
points.  Three  of  the  ridges  are  very  long  and  one  is  long.  One  of  the 
very  long  ridges  is  also  flat.  A  small  ridge  with  258  pixels  is  at  the 
centroid  of  the  target.  The  small  mesa  is  also  close  to  the  target. 
The  long  ridge  has  a  high  percentage  of  steep  slope  points  and  top  of 
cliff  points  and  represents  part  of  the  land.  One  very  long  ridge  has 
872  pixels  of  which  65%  are  ridge  points.  The  centroid  of  the  target 
is  near  where  this  last  ridge  and  the  flat  ridge  come  together.  Thus, 
while  the  target  only  contains  8  pixels  and  is  not  represented  by  any 
particular  component,  its  location  can  be  pinpointed  almost  exactly. 

Target  grade:  good 


BRG23423  contains  three  ridges,  a  medium-sized  crest,  and  a  very 
small  peak  among  the  very  high  points.  One  of  the  ridges  is  very  long. 

The  image  contains  10  ridges,  one  large  ridge-peak  system,  and  a 
small  mesa  among  the  high  points.  Two  of  the  ridges  are  very  long  and 
three  are  long.  The  ridge-peak  system  contains  68%  flat  and 
gentle-slope  points  and  represents  the  land.  A  long  ridge  with  1,153 
pixels  also  represents  part  of  the  land.  This  last  ridge  is  an  example 
of  a  phenomenon  that  has  appeared  frequently  with  the  bridge  images. 
In  particular,  while  this  last  component  is  labeled  a  ridge,  it  would 
be  more  accurate  to  label  it  a  cliff  The  reason  for  this  modification 
is  that  this  component  contains  only  15%  ridge  points,  while  containing 
65%  steep  slope  and  top-  of-cliff  points.  Moreover,  this  component 
really  does  represent  the  edge  of  a  level  region,  which  drops  off 
sharply  into  the  water.  The  road  leading  to  the  bridge  also  is 
represented  by  a  component  labeled  a  ridge.  However,  these  components 
typically  have  55-65%  ridge  points.  The  very  long  ridge  that  repesents 
the  road  in  this  image  contains  63%  ridge  points.  The  target  is  next 
to  a  small  ridge  with  193  pixels. 

Target  grade:  good 


BRC  3429  contains  three  small  ridges  and  one  small  peak  among  the 
very  high  points.  None  of  these  components  is  near  the  target. 

The  image  contains  three  ridges  and  four  mesas  among  the  high 
points.  Two  of  the  mesas  are  medium-sized  and  one  of  the  ridges  is 
long.  The  mesas  clearly  represent  part  of  the  land,  while  the  ridge 
with  730  pixels  contains  the  target.  (The  ridge  points  in  this  ridge 
are  concentrated  at  the  target.)  The  long  ridge  with  316  pixels  points 
at  the  target.  This  long  ridge  has  69%  of  its  pixels  identified  as 
ridge  points.  However,  this  ridge  represents  a  small  narrow  island 
next  to  the  bridge  instead  of  the  bridge  itself.  The  two  other  ridges 
represent  the  two  spans  of  the  bridge  together  with  the  road  leading  up 
to  them.  Note  the  orientation  of  this  image  is  rotated  90  degrees  from 
BRG24323 . 

Target  grade:  very  good 


DBRG235** 


IMAGE 

01  ST 

CENTROID 

DIM 

PIXELS 

MEAN 

STAND 

BRG2352 1 

13,504 

(61 ,168) 

(5,26) 

30 

154.48 

8.68 

BRG23526 

8,322 

(56,185) 

(17,57) 

89 

154.06 

14.45 

BRG23530 

4,531 

(58,205) 

(60,114) 

431 

143.28 

20.05 

BRG23534 

1  ,767 

(61 ,156) 

(119,77) 

1,130 

134.21 

21.2/ 

Remarks : 

BRG23521  contains  two  very  long  ridges  among  the  very  high  points. 

The  image  contains  5  ridges  and  two  mesas  among  the  high  points. 

One  of  the  ridges  is  very  long,  one  is  small  and  flat,  and  one  is 
long.  The  mesas  are  medium-sized  and  small.  The  target  was  not  found. 

Target  grade:  poor 

BRG23526  contains  one  small  peak  and  one  very  long  ridge  among  the 
very  high  points.  The  very  long  ridge  is  located  near  the  target. 

The  image  contains  two  mesas  and  4  ridges  among  the  high  points. 

One  ridge  is  very  long  and  two  are  long.  A  ridge  with  85%  of  its  108 
pixels  is  located  at  the  target.  From  the  best  1  can  determine,  this 
ridge  represents  an  island  in  the  river  which  is  next  to  the  bridge.  A 
very  long  ridge  with  206  pixels  is  nearby.  However,  this  last  ridge 
has  only  2%  of  its  pixels  identified  as  ridge  points  and  thus  would  be 
more  accurately  labeled  a  cliff.  This  cliff  represents  where  the  land 
meets  the  water. 

Target  grade:  good 

BRG23530  contains  6  ridges  and  two  small  peaks  among  the  very  high 
points . 

The  image  contains  one  massive  ridge-peak  system,  two  small  mesas, 

and  one  very  long  ridge  among  the  high  points.  The  massiv  ridge-peak 
system  contains  7,136  pixels  and  represents  both  the,  land  and  the 
bridge.  However,  1,262  of  the  ridge-peak  system  s  pixels  are  ridge 
points  and  clearly  represent  the  spans  of  the  bridge. 

Target  grade:  good 

BRG23534  contains  8  ridges,  three  peaks,  and  one  medium-sized  mesa 
among  the  very  high  points. 

The  image  contains  two  ridges  and  one  large  ridge-peak  system  amont 
the  high  points.  A  very  long  ridge  with  699  of  its  4,551  pixels 

identified  as  ridge  points  engulfs  the  target.  This  ridge  contains 
part  of  a  small  island  as  well  as  the  lower  support  span  under  the 
bridge.  The  other  ridge  and  the  ridge-peak  system  clearly  delineate 
the  two  elevated  spans  of  the  bridge. 

Target  grade:  good 
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D8RG2  7 1 ** 


IMAGE 

01  ST 

CENTROID 

DIM 

PIXELS 

MT  AN 

SI  AND 

BRG27121 

5,831 

(59,175) 

(15,24) 

71 

134.04 

1 . 06 

BRG271 24 

5,556 

(51 .190) 

(28,39) 

216 

134.73 

3.97 

BRG27128 

5,347 

(47,164) 

(91,37) 

2,574 

137.57 

5.31 

Remarks:  Note  the  low  standard  deviation  of  the  images  in  this 
group . 

8RG27121  contains  one  ridge  and  one  large  mesa  among  the  very  high 
points . 

The  image  contains  two  small  mesas,  one  large  ridge-peak  system,  and 
three  ridges  among  the  high  points.  One  of  the  ridges  is  very  long  and 
one  is  long.  The  target  is  at  the  end  of  the  ridge-peak  system. 
Another  unlabeled  component  with  27%  of  ite  12  pixels  is  also  near  the 
target.  (This  component  narrowly  missed  being  labeled  a  ridge.) 

Target  grade:  good 

BRG27124  contains  one  small  peak  among  the  very  high  points.  The 
image  contains  two  small  mesas  and  one  long  ridge  among  the  high 
points.  An  unlabeled  component  containing  4,618  pixels  runs  through 
the  target.  The  region  around  the  target  was  extremely  bland  since 
almost  every  pixel  was  identified  as  a  flat  point  or  a  gentle  slope 
poi  nt  . 

Target  grade:  poor  (but  not  surprising) 

BR6271 28  contains  5  peaks  and  one  small  mesa  among  the  very  high 
points . 

The  image  contains  one  small  flat  ridge  and  one  massive  ridge-  peak 
system  among  the  high  points.  The  ridge-peak  system  with  53%  of  its 
7,312  pixels  identified  as  flat  and  gentle  slope  points  engulfs  the 
target . 

Target  grade:  good 


DR8G2/2** 


IMAGE 

D  l  ST 

CENTROID 

DIM 

PIXELS 

MEAN 

S  I  AND 

8RG27202 

13,580 

(51,241) 

(9,239) 

83? 

134.05 

3 . 88 

BRG27206 

10,531 

(61  ,180) 

(28,360) 

1  ,440 

135.41 

4 . 30 

BRG2721 0 

5,915 

(52,180) 

(44,360) 

1  ,800 

133.38 

4  .  34 

Remarks:  Note  the  unusually  low  standard  deviations  for  the  images 
in  this  group. 

BRG27202  contains  one  small  mesa  and  one  ridge  among  the  very  high 
points . 

The  image  contains  one  large  ridge-peak  system,  one  small  mesa,  and 
one  very  long  ridge  among  the  high  points.  The  very  long  ridge 
containing  274  pixels  is  located  at  the  target.  The  ridge-  peak  system 
containing  3,338  pixels  Is  near  the  target. 

Target  grade:  good 

BRG27206  contains  three  mesas  among  the  very  high  points.  Two  of 
the  mesas  are  small  and  one  is  large. 

The  image  contains  one  small  mesa,  three  ridges,  and  one  large 
ridge-peak  system  among  the  high  points.  One  of  the  ridges  is  very 
long.  The  very  long  ridge  containing  731  pixels  is  located  at  the 
centroid  of  the  target. 

Target  grade:  good 

BRG27210  contains  one  ridge  among  the  very  high  points.  The  image 
contains  two  small  mesas  and  one  very  long  ridge  among  the  high 
points.  The  ridge  is  very  distinctive  with  59%  of  its  1,446  pixels 
identified  as  ridge  points.  Note  that  the  target  has  1,800  pixels. 

Target  grade:  very  good 


DBRG273** 


IMAGE 

DIST 

CENTROID 

DIM 

PIXELS 

MEAN 

STAND 

BRG2732 1 

13,219 

(75,138) 

(4,28) 

76 

139.53 

4.05 

BRG27331 

4,190 

(44,86) 

(21  ,171) 

1,454 

143.46 

7  .  21 

Remarks : 

BRG27321 

contains 

no  components 

of  any 

interest 

among  the 

very  high 

points . 

The  image  has  three  ridges  and  two  small  mesas  among  the  high 
points.  One  of  the  ridges  is  labeled  very  long  and  contains  3,888 

pixels.  This  very  long  ridge  clearly  represents  both  the  land  as  well 
as  the  bridge.  More  important,  however,  is  the  fact  that  this  ridge 
contains  635  ridge  points  which  form  a  line  which  ends  at  the  centroid 
of  the  target.  The  mesas  represent  portions  of  the  land. 

Target  grade:  good 

BRG27331  contains  two  small  peaks,  one  medium-sized  crest,  and  two 

ridges  among  the  very  high  points.  One  ridge  is  very  long  ano  has  28% 
of  its  pixels  identified  as  ridge  points. 

The  image  has  two  very  long  ridges  and  one  massive  high  flat  ridge 

among  the  high  points.  The  two  ridges  are  long  thin,  parallel,  and 
together  contain  1,248  pixels.  (Note  that  the  target  contains  1,454 

pixels!)  The  ridges  have  94%  and  37%,  respectively,  of  their  pixels 
Identified  as  ridge  points. 

Target  grade:  excellent 


DRBG2  /4** 


IMAGE. 

0  I  ST 

CENTROID 

DIM 

PIXELS 

MEAN 

r 

1  AND 

8RG27405 

19,148 

(54,197) 

(5,31) 

65 

136.65 

4 

.  36 

BRG2741 1 

18,671 

(69,189) 

(8,52) 

125 

137.07 

4 

.04 

BRG27421 

10,661 

(64,210) 

(28,131 ) 

773 

1 39 . 25 

4 

.  04 

BRG27424 

8,333 

(65,201 ) 

(56,210) 

2,175 

140.76 

4 

83 

Remarks:  Note  the  unusually  low  standard  deviations  of  the  images 
in  this  group. 

BRG27405  contains  four  mesas  among  the  very  high  points.  Two  of 
these  are  small  and  two  are  medium-sized.  None  of  these  components  are 
near  the  target. 

The  image  has  three  ridges,  one  large  ridge-peak  system,  and  one 
large  mesa  among  the  high  points.  One  of  the  ridges  is  very  long.  A 
small  ridge  with  108  pixels  is  at  the  centroid  of  the  target.  this 
ridge  has  76%  of  its  pixels  identified  as  ridge  points.  The  very  long 
ridge  contains  213  pixels,  has  66%  of  its  pixels  identified  as  ridge 

points,  and  is  near  the  target. 

Target  grade:  excellent 

BRG2741 1  contains  a  large  and  a  medium-sized  mesa  among  the  very 

high  points.  Neither  of  these  components  is  near  the  target  They 
represent  portions  of  the  land. 

The  image  has  three  mesas  and  two  ridges  among  the  high  points  One 
of  the  ridges  is  very  long.  This  very  long  ridge  has  76%  of  its  211 
pixels  identified  as  ridge  points  and  is  lined  up  towards  the  centroid 
of  the  target.  However,  it  is  not  very  close  to  the  centroid  of  the 

target.  The  mesas  represent  portions  of  the  land 

Target  grade:  marginal  pass 

BRG2/421  contains  three  ridges  and  two  small  peaks  among  the  very 

high  points.  One  of  the  ridges  is  very  long.  None  of  these  components 
is  near  the  target. 

The  image  has  six  ridges  and  one  small  mesa  among  the  high  points. 
One  of  the  ridges  is  very  long  and  one  is  small  and  flat  The  ridge  with 
2,935  pixels  contains  the  target.  Note  that  20%  or  pixels  are 

identified  as  ridge  points.  Note  that  this  number  is  very  close  to  the 

number  of  pixels  in  the  target.  An  unlabeled  component  with  1,467 
represents  a  portion  of  the  land. 

Target  grade:  good 

BRG2/424  contains  two  very  small  peaks,  one  large  peak,  and  one 

ridge  among  the  very  high  points.  None  of  these  components  is  near  the 

target . 

The  image  a  large  peak  and  a  ridge  among  the  high  points.  The  peak 
has  3,209  pixels  and  contains  the  target  which  has  2,175  pixels.  The 
labeling  of  the  component  as  a  peak  is  one  of  the  few  examples  of  poor 
labeling  that  I  have  found. 

Target  grade:  good  (except  for  the  label) 


0RBG275** 


IMAGE 

DIST 

CENTROID 

DIM 

PIXELS 

MEAN 

STAND 

BRG27  52 1 

15,855 

(79,170) 

(51,15) 

211 

142.58 

115 

BRG27527 

7,291 

(84,168) 

(72,19) 

61  3 

143.63 

3  .  28 

Remarks : 

Note  the  extremely  low 

standard  dev: 

i  at  ions  of 

the  image 

in  this 

group . 

BRG27521  contains 

one  large 

mesa  with 

1,307  pixels  among 

the  very 

high  points.  This  mesa  represents  a  portion  of  the  land  and  is  not 

near  the  target. 

The  image  has  four  ridges  and  one  large  mesa  among  the  very  high 
points.  Two  of  the  ridges  are  flat.  The  mesa  represents  a  portion  of 
the  land.  The  target  is  reprsented  by  two  small  ridges  which  have  a 
total  of  280  pixels.  (Note  that  the  target  has  211.  These  ridges  have 
63%  and  67%  ridge  points  respetively. 

Target  grade:  very  good 

BRG27527  contains  one  very  small  peak  with  12  pixels  among  the  very 
high  points.  This  peak  is  near  the  centroid  of  the  target. 

The  image  has  four  ridges  and  one  large  mesa  among  the  high  points. 
One  of  the  ridges  is  long  and  one  is  flat.  The  long  ridge  has  60%  of 
its  131  pixels  identified  as  ridge  points  but  is  not  particularly  near 
the  target.  A  ridge  with  37%  of  its  162  pixels  is  at  the  centroid  of 
the  target.  The  mesa  represents  the  land. 

Target  grade:  good 


Appendix  B. 


The  purpose  of  this  appendix  is  to  summarise  the 


results  of  a  study  of  61  building  images.  the  principal  tool  used  in 
this  analysis  was  the  Topographic  Labeling  Algorithm.  While  very  small 
peaks  were  not  of  any  particular  importance  in  the  bridge  and  runway 
images,  they  are  very  important  in  the  building  images.  The  reason  for 
this  interest  in  very  small  peaks  is  that  the  target  in  a  building  image 
frequently  will  have  fewer  than  30  pixels.  Thus,  the  threshold  for 
ignoring  components  had  to  be  reduced  from  29  to  9.  However,  to  avoid 
the  problem  of  dealing  with  scores  of  insignificant  components,  we 
require  a  very  small  component  to  contain  at  least  10  peak  points.  As 
noted  below  the  results  proved  to  be  quite  satisfactory. 

The  algorithm  was  tested  on  the  61  building  images  discussed  below. 
Range  data  indicating  the  size  and  placement  of  the  target  was  available 
for  59  of  these  images.  One  group  of  images  proved  defective  and  is  not 
included  in  the  discussion  given  below.  If  the  algorithm  labeled  one  or 
two  components  that  had  about  90%  of  the  pixels  in  the  target,  then  we 
assigned  a  grade  of  excellent.  If  the  algorithm  found  80%  of  the  target, 
then  we  graded  very  good.  If  50%,  then  good.  If  30%,  then  marginal 
pass.  If  the  target  was  not  found,  then  poor.  The  following  list  gives 
a  summary  of  the  results. 


GRADE  HUMBER 

Excellent  15 

Very  good  13 

Good  15 

Marginal  pass  8 

Poor  8 

Not  rated  ? 

Total  61 
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The  groups  oh  images  that  gave  the  best  resu'ts 


ere  Bi.D2.73 


BI.D224**,  BLD245**,  and  81.0247**.  Four  of  the  five  images  in  the  group 
8LD243**  were  rated  good  to  excellent.  Four  of  the  f>  images  in  the  group 
8LD246**  were  rated  good  or  very  good.  While  we  graded  the  results  of 
the  target  detection  as  poor  in  10  images,  none  of  these  images  had 
prominent  small  peaks  as  targets.  These  10  images  had  neither  enough 
pixels  two  standard  deviations  above  the  mean  nor  more  than  a  few 
scattered  peak  points  near  the  target  so  that  the  target  was  completly 
missed.  However,  if  the  target  is  not  found,  the  grade  must  be:  poor. 
If  a  local  version  of  the  standard  deviation  had  been  used  instead  of  one 
global  standard  deviation,  these  peaks  might  have  been  identified.  lhe 
image  BI.D25701  was  so  bland  that  that  even  when  the  original  data  was 
examined,  there  seemed  to  be  little  evidence  of  a  target  at  all. 

The  following  table  gives  a  summary  of  the  results  of  all  the 
building  images  studied.  In  the  following  charts  the  distance  (in  feet) 
to  the  target  is  given  in  the  column  headed  by  DIST;  the  altitude  (in 
feet)  at  which  the  image  was  taken  is  in  the  column  headed  by  ALT.  The 
dimensions  of  the  smallest  rectangle  containing  the  target  is  listed  in 
the  column  headed  by  DIM.  The  number  of  pixels  in  the  target  is  in  the 
column  PIXELS.  The  mean  and  standard  deviation  of  the  entire  image  are 
listed  under  MEAN  and  STAND. 
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I 


IMAGE 

DIST 

ALT 

DIM 

PIXELS 

MEAN 

STAND 

BI.D22301 

22,697 

1,000 

(6,23) 

123 

122.14 

26.53 

BLD22302 

24,233 

1  ,000 

(5,24) 

109 

120.34 

27.31 

BLD22305 

22,419 

1  ,000 

(6,27) 

137 

128.64 

25.31 

BI.D22308 

20,237 

1  ,000 

(8,30) 

189 

135.65 

24  .  52 

BI.D2231 0 

18,990 

1  ,000 

(9,33) 

233 

139.94 

24.11 

BL022403 

31  ,033 

1,000 

(3,7) 

17 

163.97 

30.92 

BLD22404 

33,413 

1  ,000 

(3,7) 

21 

126.26 

32.00 

BLD22405 

27,034 

1  ,000 

(3,6) 

18 

100.32 

35.12 

BLD22406 

26,508 

1  ,000 

(3,8) 

24 

113.90 

26.93 

8LD22408 

25,396 

1  ,000 

(4,8) 

28 

116.26 

26.  55 

BL022409 

24,930 

1  ,000 

(4,10) 

35 

119.66 

26.64 

8LD2241 0 

21 ,236 

1  ,000 

(4,11) 

38 

126.63 

22.20 

BLD22521 

8,396 

1,170 

(26,80) 

1  ,399 

128.96 

39.94 

BLD22522 

7,126 

1  ,170 

(32,90) 

1  ,808 

138.16 

42.93 

BLD22525 

4,648 

1  ,1  70 

(63,160) 

6,171 

150.79 

44.39 

BLD22601 

31 ,034 

1  ,160 

(2,29) 

58 

87 . 74 

33.02 

BLD22606 

19,951 

1  ,160 

(6,45) 

178 

107.30 

25.07 

BLD2261 1 

15,738 

1,160 

(6,44) 

132 

116.73 

22.12 

81.02261  4 

12,534 

1  ,160 

(8,55) 

219 

129.31 

24.41 

BI.D22620 

10,076 

1,160 

(10,89) 

485 

135.27 

24.73 

8102262/ 

2,962 

1  ,160 

(65,311) 

12,574 

147.49 

76.09 

8  L  0  2  4  2  0 1 

24,609 

1,060 

(4,7) 

19 

120.62 

20.57 

81.024209 

22,640 

1  ,160 

(4,15) 

46 

122.03 

19.42 

B  1.024215 

13,274 

1,160 

(6,21) 

94 

141.51 

11.30 

81.024221 

9,875 

1 ,360 

(13,37) 

335 

153.66 

13.55 

Bl. 024301 

30,414 

1  ,260 

(3,9) 

22 

121.20 

21  .43 

Bl. 02431  6 

15,308 

1  ,260 

(6,14) 

61 

136.27 

11.58 

81.024320 

1 1 ,986 

1 ,260 

(7.20) 

97 

140.46 

11.77 

Bl.  024  321 

10,326 

1  ,260 

(7,25) 

127 

142.03 

12.70 

BLD2433 1 

1,142 

1,160 

(69,130) 

5,606 

198.72 

2  5.61 

Bl.  024403 

23,907 

1  ,26 

(2,5) 

10 

112  8  6 

n  ■  , 

81.02441  0 

18,677 

1,16 

(3,9) 

27 

1  1  ; .  1 1 

•  * 

BLD2441  5 

15,154 

1  ,060 

(4,11) 

44 

l  7  1  -  '• 

Bl  024420 

10,049 

1  ,060 

(6,15) 

83 

>  !ii 

Bl  024431 

635 

1  ,060 

(51,64) 

7 , 6fM 

BI.D24502 

23,192 

1  ,360 

(4.11) 

1  * 

Bl  024509 

17,895 

1  ,160 

(  6  ,  1  8  1 

6  , 

Bl  024518 

10,899 

1J60 

;  9  .  '  6 

B  1.024  52  5 

6  .  '45 

961) 

/  i  (.  «  {. 

Bl 024570 

68.’ 

,  v.o 

TARGCI 


excel  1 
good 
good 
good 

exce  1 1 
excel  1 
excel  1 
excel  1 
excel  1 
excel  I 


BLD2461 1 

13,363 

1 ,160 

(7,24) 

130 

115.35 

13.96 

v  good 

BLD2461 2 

12,807 

1 ,160 

(8,28) 

180 

118.86 

13.43 

good 

BLD2461 5 

9,968 

1 ,160 

(9,36) 

241 

128.70 

16.64 

good 

BLD2461 9 

6,185 

1 ,160 

(  16,54) 

564 

142.56 

21.72 

good 

BLD24620 

5,269 

1,160 

(20,68) 

880 

145.81 

23.71 

v  good 

BLD24625 

1,582 

1 ,160 

(107,200) 

12,959 

145.95 

36.95 

good 

BLD24701 

28,832 

1,360 

(3,10) 

29 

99.45 

21 .76 

poor 

BLD24705 

24,921 

1  ,360 

(4,11) 

35 

105.26 

18.23 

v  good 

8LD2471 0 

20,841 

1  ,360 

(5,13) 

58 

111.30 

15.40 

v  good 

BLD2471 5 

16,603 

1  ,260 

(6,16) 

72 

117.62 

13.83 

excel  1 

BL024721 

12,146 

1  ,260 

(7,22) 

132 

124.61 

18.04 

exce  1 1 

BLD24731 

3,409 

1  ,160 

(107,139)  12,017 

167 .11 

39.50 

v  good 

BLD2541 1 

14,089 

1  ,360 

(8,41) 

159 

134.07 

14.03 

good 

BLD25414 

12,649 

1,260 

(16,63) 

320 

135.69 

15.14 

good 

BLD25501 

19,405 

1,260 

(6,37) 

99 

124.34 

18.47 

good 

BLD25511 

19,018 

1,260 

(11,85) 

359 

154.99 

17.38 

exce  1 1 

BLD2561 1 

19,622 

1  ,300 

(5,32) 

97 

138.76 

14.50 

m  pass 

BLD25623 

4,982 

1  ,200 

(59,120) 

3,98! 

140.03 

37.08 

m  pass 

BLD25701 

25,990 

1  ,260 

(3,35) 

70 

96.87 

18.96 

poor 

BLD25721 

(Range 

data  not  available 

•) 

147.74 

15.43 

nr 

BLD2601 9 

(Range  data  not  available 

■) 

142.81 

12.80 

nr 

The  following  summaries  give  more  details  of  the  study  of  the 
building  Images  listed  above.  Note  that  there  Is  only  one  target  and 
one  object  in  each  Image.  Note  further  that  all  images  with  the  same 
first  three  numbers  are  of  the  same  target.  All  Images  are  115x355 
and  thus  contain  40,825  pixels.  The  coordinates  of  the  center  of  the 
target  in  the  image  appear  in  the  column  headed  by  CENTROID. 


DBL0223** 


IMAGE 

01  ST 

ALT 

CENTROID 

DIM 

PIXELS 

MEAN 

STAND 

8LD22301 

22,697 

1  ,000 

(45,138) 

(6,23) 

123 

122.14 

26.53 

BLD22302 

24,233 

1  ,000 

(50,179) 

(5,24) 

109 

120.34 

27.31 

BL022305 

22,419 

1  ,000 

(50,180) 

(6,27) 

137 

128.64 

25.31 

BL022308 

20,237 

1  ,000 

(49,180) 

(8,30) 

189 

135.65 

24.52 

BLD2231 0 

18,990 

1  ,000 

(49,182) 

(9,33) 

233 

139.94 

24.11 

Remarks : 

BLD22301  has  two  small  peaks  and  4  very  small  peaks  among  the  very 
high  points.  One  of  these  peaks  together  with  another  unlabeled 
component  form  the  target.  (The  confidence  factor  CFPEAK  of  this 
unlabeled  component  lacks  0.01  of  the  threshold  for  declaring  It  to  be 
a  peak.)  The  total  number  of  pixels  In  these  two  components  is  111. 
Note  that  the  target  consists  of  123  pixels  so  that  It  has  been  located 
almost  exactly. 

The  Image  contains  8  ridges  among  the  high  points.  Two  of  these  are 
very  long  and  one  Is  long.  The  target  is  contained  in  one  of  the 
ridges . 

Target  grade:  excellent 

BLD22302  has  three  small  peaks  and  6  very  small  peaks  among  the  very 
high  points.  The  union  of  two  of  these  peaks  contain  102  of  the  109 
pixels  in  the  target. 

The  image  contains  6  ridges  among  the  high  points.  Two  of  the  ridges 
are  very  long  and  one  is  long.  The  target  is  a  subset  of  the  long 
ridge. 

Target  grade:  excellent 

BLD22305  has  12  small  and  very  small  peaks  and  one  ridge  among  the 
very  high  points.  The  target  is  contained  in  the  ridge.  This  ridge 
contains  220  pixels  compared  with  137  in  the  target. 

The  image  contains  4  ridges  among  the  high  points.  Two  of  the  ridge 
are  very  long  and  one  is  long.  The  target  is  contained  in  one  of  the 
very  long  ridges. 

Target  grade:  good 

BED22308  has  12  peaks  among  the  very  high  points.  One  of  these  is 
medium-sized,  while  the  rest  are  either  small  or  very  small.  While  the 
component  containing  the  target  is  made  up  of  299  pixels,  the  target 
itself  has  189  pixels.  Unfortunately,  the  target  is  left  unlabeled. 
However,  it  does  have  a  rather  box-like  shape  that  could  be  detected  by 
other  methods. 

The  image  contains  6  ridges  and  one  peak  among  the  high  points.  One 
of  the  ridges  is  very  long  and  two  are  long.  The  target  is  contained 
in  the  very  long  ridge. 

Target  grade:  good 


8LD22310  has  14  peaks  among  the  very  high  points.  One  of  these  Is 
medium-sized  while  the  remainder  are  either  small  or  very  small.  The 
component  representing  the  target  contains  390  pixels  while  the  target 
Itself  has  233.  Unfortunately,  even  though  this  key  component  almost 
passes  enough  tests  to  be  labeled  a  ridge,  it  Is  left  unlabeled. 

The  image  contains  one  large  ridge-peak  system  and  4  ridges  among  the 
high  points.  Two  of  the  small  ridges  are  long.  The  target  is 
contained  In  the  ridge  with  1,338  pixels. 

Target  grade:  good 


DBLD224** 


IMAGE 

OIST 

ALT 

CENTROID 

DIM 

PIXELS 

MEAN 

STAND 

BLD22403 

31 ,033 

1 ,000 

(67,224) 

(3,7) 

17 

163.97 

30.92 

BL022404 

33,413 

1  ,000 

(72,214) 

(3,7) 

21 

126.26 

32.00 

BLD22405 

27,034 

1,000 

(78,206) 

(3,6) 

18 

100.32 

35.12 

BLD22406 

26,508 

1 ,000 

(66,218) 

(3,8) 

24 

113.90 

26.93 

BL022408 

25,396 

1 ,000 

(69,206) 

(4.8) 

28 

116.26 

26.55 

BLD22409 

24,930 

1 ,000 

(71,280) 

(4,10) 

35 

119.66 

26.64 

BLD2241 0 

21 ,236 

1  ,000 

(65,262) 

(4,11) 

38 

126.63 

22.20 

Remarks : 

BLD22403 

contains 

6  very 

small  peaks 

among 

the  very 

high  points 

i .  The 

target  Is  almost  exactly  represented  by  a  very  small  peak  containing  14 
peak  points.  This  peak  has  one  close  neighbor. 

The  Image  contains  8  ridges  and  one  small  mesa  among  the  high 
points.  Two  of  the  ridges  are  very  long  and  one  is  long.  The  target 
is  contained  In  the  end  of  the  long  ridge.  Another  small  ridge  is 
nearby. 

Target  grade:  excellent 

BLD22404  contains  5  very  small  peaks  among  the  very  high  points.  The 
peak  containing  17  pixels  Is  the  target.  Note  that  the  target  contains 
21  pixels. 

The  Image  contains  4  ridges  among  the  high  points  and  one  mesa.  One 
of  the  ridges  Is  very  long  and  one  Is  flat.  The  target  Is  contained  in 
the  end  of  the  very  long  ridge. 

Target  grade:  excellent 

BI.D22405  contains  9  very  small  peaks  and  one  very  low  lying  very  long 
ridge.  There  Is  a  cluster  of  three  very  small  peaks  near  the  target. 
The  peak  at  the  centroid  of  the  target  contains  17  pixels,  while  the 
target  contains  18.  The  most  prominent  peak  Is  not  near  the  target. 

The  image  contains  6  ridges  and  two  small  peaks  among  the  high 
points.  Two  of  the  ridges  are  very  long.  One  of  these  long  ridges 
contains  the  target. 

Target  grade:  excellent 

BL022406  contains  one  small  peak  and  9  very  small  peaks  among  the 
very  high  points.  There  Is  a  cluster  of  three  peaks  very  small  peaks 
at  the  target.  The  peak  containing  23  pixels  Is  at  the  centroid  of  the 
target.  Note  that  the  target  contains  24  pixels.  The  most  prominent 
peak  Is  not  near  the  target. 

The  Image  contains  7  ridges,  one  mesa,  and  one  peak  among  the  high 
points.  Two  of  the  ridges  are  very  long  and  two  are  flat.  The  target 
Is  at  the  end  of  the  small  ridge. 

Target  grade:  excellent 
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BL022408  contains  13  peaks  (11  of  which  are  very  small)  and  one  small 
ridge  among  the  very  high  points.  There  Is  a  cluster  of  three  very 
small  peaks  near  the  target.  Component  number  11  contains  27  pixels 
and  Is  the  target  exactly. 

The  Image  contains  7  ridges  and  three  peaks  among  the  high  points. 
Three  of  the  ridges  are  long  and  one  is  very  long.  The  target  Is  in 
the  small  peak  with  almost  1/3  of  its  pixels  designated  as  peak 
points.  There  is  a  cluster  of  5  components  at  the  target  including  one 
very  long  ridge. 


Target  grade: 


excellent 


BLD22409  contains  13  peaks  among  the  very  high  points.  Eight  of 
these  peaks  are  very  small.  .The  peak  at  the  centroid  of  the  target 
contains  31  of  the  target  s  35  pixels.  Again  there  Is  a  cluster  of 
three  peaks  at  the  target. 

The  Image  contains  3  peaks,  8  ridges,  and  one  mesa  among  the  high 
points.  One  of  the  ridges  is  very  long,  one  Is  long,  and  one  Is  flat. 
Component  number  7  Is  a  small  peak  with  132  pixels  and  contains  the 
target.  This  peak  has  5  close  neighbors. 

Target  grade:  excellent 

BLD2241 0  contains  15  peaks  and  one  small  ridge  among  the  very  high 
points.  The  target  is  a  small  peak  containing  35  pixels.  There  is  a 
cluster  of  3  small  peaks  at  the  target. 

The  Image  contains  7  ridges,  two  small  peaks,  and  two  small  mesas 
among  the  high  points.  The  target  Is  contained  in  a  small  ridge  which 
has  two  close  neighbors. 

Target  grade:  excellent 


D8L0225** 


IMAGE 

OIST 

ALT 

CENTROID 

DIM 

PIXELS 

MEAN 

STAND 

BL022521 

8,396 

1  ,170 

(52,207) 

( 26,80) 

1  ,399 

128.96 

39.94 

BL022522 

7,126 

1  ,170 

(44,188) 

(32,90) 

1  ,800 

138.16 

42.93 

Bl. 022525 

4,648 

1,170 

(73,219) 

(63,160) 

6,171 

150.79 

44.39 

Remarks : 

BL022521  has  17  small  peaks,  16  very  small  peaks,  4  ridges,  and  one 
crest  among  the  very  high  points.  Component  number  11  Is  at  the  centroid 
of  the  target.  There  Is  a  cluster  of  4  or  5  small  peaks  and  ridges  near 
this  component  which  probably  make  up  the  rest  of  the  target.  Note  that 
the  target  contains  1,399  pixels  so  that  It  would  be  unlikely  to  uncover 
the  target  on  this  first  slice. 

The  Image  contains  11  ridges  and  one  ridge-peak  system  among  the  high 
points.  Components  5  and  12  contain  1247  pixels  and  seem  to  make  up  the 
target. 

Target  grade:  good 

BLD22522  has  32  small  and  very  small  peaks,  two  ridges,  and  three 
crests  among  the  very  high  points.  Several  of  these  components  Including 
a  long  ridge  appear  along  the  edge  of  the  target. 

The  Image  contains  15  ridges  and  one  small  peak  among  the  hlg  points. 
Six  of  the  ridges  are  long.  The  centroid  of  the  targe  Is  contained  In  a 
ridge  with  565  pixels.  Two  other  ridges  are  nearby.  One  of  these  close 
ridges  contains  873  pixels  while  another  contains  187/  pixels.  While  no 
Information  Is  avallabl  concerning  the  shape  of  the  target,  a  reasonable 
guess  Is  that  It  contains  these  two  smaller  ridges. 

Target  grade:  marginal  pass 

BL022525  has  51  components  among  the  very  high  points.  Most  of  these 
components  are  small  and  very  small  peaks.  A  large  very  prominent  crest 
with  735  of  Its  741  pixels  within  a  half  a  standard  deviation  of  the 
maximum  Is  contained  In  the  target. 

The  Image  contains  7  ridges,  one  small  peak,  and  one  medium-  sized 
ridge-peak  system  among  the  high  points.  A  long  very  prominent  ridge 
with  3,980  pixels  contains  most  of  the  target. 

Target  grade:  Very  good 
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D8L0226** 


IMAGE 

DIST 

ALT 

CENTROID 

DIM 

PIXELS 

MEAN 

STAND 

8LD22601 

31 ,034 

1 ,160 

(63,196) 

(2,29) 

58 

87.74 

33.02 

BL022606 

19,951 

1  ,160 

(47,147) 

(6,45) 

178 

107.30 

25.07 

8LD2261 1 

15,738 

1,160 

(41.149) 

(6,44) 

132 

116.73 

22.12 

81022614 

12,534 

1  ,160 

(38,192) 

(8,55) 

219 

129.31 

24.11 

8LD22620 

10,076 

1,160 

(62,158) 

(10,89) 

485 

135.27 

24.73 

BL022627 

2,962 

1  ,160 

(41  ,188) 

(65,311) 

12,574 

147.49 

76.09 

Remarks : 

8LD22601  contains  three  small  crests  and  two  ridges  among  the  very 
high  points.  One  of  the  ridges  Is  very  long.  A  very  long  ridge  with 
424  pixels  and  a  ridge  with  106  pixels  Is  located  near  the  target. 

The  Image  contains  8  ridges  among  the  high  points.  Five  of  the 
ridges  are  very  long  and  two  are  long.  A  very  long  ridge  with  2,027 
pixels  Is  located  near  the  target.  A  very  long  ridge  with  495  pixels 
Is  located  near  the  target.  A  long  ridge  with  320  pixels  Is  located  at 
the  centroid  of  the  target. 

The  target  Is  located  on  a  long  ridge  (In  high)  with  94%  of  Its  320 
pixels  Identified  as  ridge  points.  However,  there  are  7  long  and  very 
long  ridges  with  a  high  percentage  of  ridge  points.  Thus,  the  target 
Is  not  well  located. 

Target  grade:  marginal  pass 

BLD22606  contains  7  ridges  and  4  small  and  very  small  peaks  among 
the  very  high  points.  One  of  the  ridges  Is  very  long.  Two  components 

that  are  neither  prominent  nor  labeled,  one  with  74  pixels  and  another 

with  52  pixels,  are  located  at  the  target. 

The  Image  contains  7  ridges  among  the  high  points,  rive  are  very 
long  and  one  Is  massive.  A  very  long  ridge  with  55%  of  Its  547  pixels 
Identified  as  ridge  points  Is  located  at  the  target.  A  small  ridge 
with  82%  of  Its  114  pixels  Identified  as  ridge  points  is  near  the 

target.  A  very  long  ridge  with  58%  of  Its  472  pixels  Identified  as 
ridge  points  Is  also  near  the  target. 

The  target  grade  Is  "marginal  pass"  because  of  the  ambiguity 
Incurred  by  the  large  number  of  ridges. 

Target  grade:  marginal  pass 

81022611  contains  8  ridges  and  two  small  and  very  small  peaks  among 
the  very  high  points.  Four  of  the  ridges  are  very  long  and  one  Is 

long.  A  very  long  ridge  with  287  pixels  is  located  near  the  centroid 
of  the  target.  Another  very  long  ridge  with  171  pixels  Is  also  located 
near  the  centroid  of  the  target. 

The  Image  contains  11  ridges  and  one  small  peak  among  the  high 
points.  Five  of  the  ridges  are  very  long  and  4  are  long.  Five  of  the 
very  long  ridges  are  near  the  target.  They  have  231,  402,  381,  2,310, 
and  1,090  pixels,  respectively 

Since  the  target  Is  contained  In  a  very  long  ridge  with  102  pixels 
and  since  there  are  9  very  long  and  long  ridges,  It  is  impossible  to 
pinpoint  the  target. 

Target  grade:  marginal  pass 


BLD226 1 4  contains  11  peaks  and  6  ridges  among  the  very  high 
points.  Two  of  the  ridges  are  very  long.  A  ridge  Is  near  the  target, 
which  contains  219  pixels. 

The  Image  contains  10  ridges,  one  small  peak,  and  one  small 
ridge-peak  system.  Four  of  the  ridges  are  very  long  and  two  are  long. 
A  very  long  ridge  wlht  712  pixels  Is  located  at  the  target.  Another 
very  long  ridge  is  located  near  the  target.  A  very  long  ridge  with 
3,053  pixels  Is  located  near  the  target. 

Target  grade:  good 

BL022620  contains  a  very  promfnent  unlabeled  component  with  67 
pixels  which  Is  near  the  centroid  of  the  target  among  the  very  high 
points.  It  also  contains  another  unlabeled  component  with  43  pixels 
that  Is  near  the  target. 

The  Image  contains  6  ridges  and  one  massive  ridge-peak  system  among 
the  high  points.  Two  of  the  ridges  are  very  long  and  two  are  long.  A 
massive  ridge-peak  system  with  6,269  pixels  and  a  ridge  with  40%  of  Its 
191  pixels  labeled  as  ridge  points  are  located  at  the  target.  An 
unlabeled  component  (almost  a  ridge)  with  31%  of  Its  161  pixels 
Identified  as  ridge  points  is  also  at  the  target. 

Target  grade:  good 

BL02262 7  contains  60  components  among  the  very  high  points.  Most 
are  small  and  very  small  peaks,  though  a  number  were  crests. 

The  image  contains  9  ridges  and  two  small  peaks  among  the  high 
points.  Three  of  the  ridges  are  very  long,  three  are  long.  A  very 
long  ridge  located  near  the  centroid  of  target  contains  1,033  pixels. 
Another  very  long  ridge  located  near  the  target  contains  784  pixels. 

Note  that  the  target  contains  12,574  pixels. 

Target  grade:  marginal  pass 


0810242** 


IMAGE 

01  ST 

ALT 

CENTROID 

DIM 

PIXELS 

MEAN 

STAND 

BL024201 

24,609 

1  ,060 

(49,180) 

(4,7) 

19 

120.62 

20.57 

BI.D24202 

25,110 

1  ,060 

(53,179) 

(4,7) 

20 

BL024203 

24,514 

1  ,060 

(54,177) 

(4.8) 

22 

BLD24204 

24,515 

1  ,060 

(57,178) 

(5,11) 

35 

BLD24205 

24,424 

1  ,060 

(60,176) 

(4,12) 

32 

BL024206 

23,910 

1  ,060 

(62,177) 

(6,13) 

44 

BLD24207 

23,610 

1  ,060 

(65,177) 

(5,12) 

39 

BLD24208 

24,118 

1  ,160 

(71,177) 

(4,10) 

31 

BLD24209 

22,640 

1  ,160 

(71,176) 

(4,15) 

46 

122.03 

19.42 

BL02421 0 

20,465 

1  ,160 

(68,177) 

(6.15) 

64 

BLD2421 1 

20,700 

1 ,160 

(69,177) 

(8,17) 

84 

BLD2421 2 

19,538 

1  ,160 

(70,181) 

(8.19) 

101 

BLD2421 3 

17,284 

1 ,160 

(65,181) 

(10,19) 

118 

BL02421 4 

15,761 

1  ,160 

(63,172) 

(8,20) 

98 

BLD2421 5 

13,274 

1  ,160 

(51,173) 

(6.21) 

94 

141 .51 

11.30 

BLD24216 

13,277 

1  ,160 

(62,173) 

(7,24) 

122 

BLD2421 7 

12,107 

1,260 

(62,175) 

(8,26) 

148 

BLD2421 8 

10,677 

1,260 

(58,176) 

(8,28) 

168 

BL024219 

9,028 

1  ,260 

(47,177) 

(11,32) 

244 

BLD24220 

9,535 

1  ,360 

(82,188) 

(12, 38) 

316 

BLD24221 

9,875 

1,360 

(83,183) 

(13,37) 

335 

153.66 

13.55 

Rema rks : 

BL024201  contains  4  very  small  peaks  among  the  very  high  points. 
Unfortunately,  the  target  was  not  found.  The  reason  for  this  problem 
can  be  explained  by  the  fact  that  the  target  is  represented  by  a  very 
small  peak  with  values  only  one  standard  deviation  above  the  mean. 
Moreover,  this  peak  is  rounded  or  dome  shaped  so  that  it  contains  no 
peak  points.  Thus,  It  Is  nor  prominent  enough  to  be  detected  by  our 
methods . 

The  image  contains  one  large  mesa  (3,465  pixels)  and  one  small 
ridge  among  the  high  points.  The  target  was  also  not  found  at  this 
level . 

Target  grade:  poor 

8LD24209  contains  one  small  peak  and  one  small  mesa  among  the  very 
high  points.  As  In  the  case  of  the  previous  image,  the  target  was  not 
found.  The  reasons  are  similar  to  those  mentioned  in  the  previous 
image.  However,  this  Image  also  had  the  problem  that  there  were  many 
pixels  near  the  target  that  were  just  as  high.  Thus,  the  target  did 
not  stand  out  at  all. 

The  image  contains  three  ridges  and  one  mesa  among  the  high 
points.  One  of  the  ridges  is  long.  The  target  is  contained  in  a  large 
component  containing  2099  pixels.  While  this  component  was  left 
unlabeled,  it  narrowly  missed  being  labeled  a  mesa. 

Target  grade:  poor 


8LD24215  contains  7  small  and  very  small  peaks,  one  crest,  three 
ridges,  and  two  crests  among  the  very  high  points.  Unfortunately,  the 
target  was  again  not  found  In  this  slice  because  it  did  not  have  enough 
pixels  two  standard  deviations  above  the  mean. 

The  image  contains  one  small  peak,  4  small  ridges,  and  two  mesas 
among  the  high  points.  The  target  is  contained  in  an  unlabeled 

component  with  577  pixels.  While  this  component  has  an  odd  horseshoe 
type  shape.  It  was  almost  labeled  a  ridge. 

Target  grade:  poor 

81D24221  contains  15  small  peaks,  4  small  ridges,  two  small  crests, 

and  two  mesas  among  the  high  points.  The  crest  with  84  pixels  is  at 

the  centroid  of  the  target.  Two  small  peaks  with  44  and  28  pixels, 
respectively  were  not  far  from  the  centroid.  These  three  components 
make  up  about  one  third  of  the  target. 

The  image  has  three  ridges,  one  medium-sized  peak,  and  one  small 
mesa  among  the  high  points.  One  of  the  ridges  is  very  long.  The 

target  is  contained  in  the  peak.  While  the  peak  contains  1,894  pixels 
and  thus  is  not  a  very  good  approximation  of  the  target,  it  almost 
disconnects  into  two  pieces  one  of  which  would  contain  about  700 
pixels.  Note  that  the  target  contains  335  pixels. 

Target  grade:  marginal  pass 


DBI.D243* 


IMAGE 

DIST 

ALT 

CENTROID 

DIM 

PIXELS 

BLD24301 

30,414 

1  ,260 

(58,121) 

(3,9) 

22 

BLD24302 

30,558 

1  ,360 

(60,94) 

(3,8) 

19 

8LD24303 

28,372 

1  ,360 

(58,94) 

(4,10) 

34 

8LD24304 

29,430 

1  ,360 

(62,95) 

(3,9) 

22 

BLD2431 6 

15,308 

1  ,260 

(51 ,139) 

(6,14) 

61 

BLD2431 7 

14,938 

1  ,260 

(55,146) 

(6,16) 

73 

BLD24318 

14,868 

1,260 

(62,153) 

(8,17) 

93 

BLD24320 

11,986 

1  ,260 

(56,167) 

(7,20) 

97 

BLD24321 

10,326 

1  ,260 

(48,167) 

(7,25) 

127 

Bl D24322 

9,858 

1  ,160 

(56,172) 

(8,25) 

147 

BLD24323 

8,642 

1  ,160 

(53,176) 

(9,28) 

181 

BLD24324 

7,922 

1  ,160 

(61.172) 

(10,29) 

211 

BLD24326 

6,442 

1  ,160 

(49,207) 

(12.39) 

327 

BLD24327 

5,514 

1  ,160 

(54,168) 

(15,41) 

431 

BLD24328 

4,546 

1  ,160 

(62,174) 

(18,51) 

655 

Bl D24329 

3,404 

1  ,160 

(61 ,163) 

(25,64) 

1  ,053 

BLD24330 

2,336 

1,160 

(75,157) 

(37,90) 

2,196 

Bl D24331 

1 ,142 

1  ,160 

(57,166) 

(69,130) 

5,606 

MEAN  STAND 


121.20  21.43 


136.27  11.58 


140.46  11.77 

142.03  12.70 


198.72  25.61 


Rema rks : 


BI.D24301  contains  ne  very  small  peak  and  one  very  long  ridge  among  the 
very  high  points.  Unfortunately,  the  target  was  not  found.  The  reason 
for  this  problem  was  that  values  of  the  pfxels  in  the  two  very  small 
peaks  representing  the  target  had  values  approximately  one  standard 
deviation  above  the  mean.  Thus,  the  peaks  were  not  prominent  enough  to 
be  detected  in  the  first  slice. 

The  image  contains  5  ridges  among  the  high  points.  One  of  these  is 
very  long.  The  target  was  too  small  to  be  detected  in  this  second  slice. 

Target  grade:  poor 


BLD24316  contains  17  small  and  very  small  peaks,  one  small  mesa,  and 
two  ridges  among  the  very  high  points.  One  ridge  is  very  long.  The 
target  is  represented  by  two  small  peaks,  which  contain  31  and  34  pixels, 
respectively.  Note  that  the  target  contains  61  pixels  so  that  the  fit  is 
almost  exact. 

The  image  contains  11  ridges,  one  small  peak,  one  massive  ridge-peak 
system,  and  one  small  mesa  among  the  high  points.  Four  of  the  ridges  are 
very  long.  The  target  is  contained  in  the  small  peak  with  113  pixels. 
Two  small  ridges  are  nearby. 

Target  grade:  excellent 


massive  ridge-peak 


BL024320  contains  15  small  peaks  4  small  ridges,  and  one  small  mesa 
among  the  very  high  points.  A  very  prominent  small  peak  with  56  pixels 
is  at  the  centroid  of  the  target.  Another  prominent  small  peak  with  59 
pixels  is  close  to  the  first.  Note  that  the  target  contains  97  pixels, 
which  is  only  slightly  less  than  the  the  total  in  these  two  peaks. 

The  image  contains  7  ridges,  one  small  peak,  and  one  large  ridge-peak 
system  among  the  high  points.  The  peak  has  298  pixels  and  is  very 
prominent.  Two  ridges  and  the  ridge-peak  system  are  near. 

Target  grade:  very  good 

BLD24321  contains  11  small  and  very  small  peaks  among  the  very  high 
points.  A  cluster  of  two  small  peaks  with  a  total  of  134  pixels  are  at 
the  centroid  of  the  target.  One  of  these  is  the  highest  and  steepest 
peak  in  the  image.  Note  that  the  target  consists  of  127  pixels. 

The  image  has  7  ridges  and  one  small  peak  among  the  high  points.  The 
target  is  contained  in  a  small  peak  which  has  246  pixels.  A  very  long 
flat  ridge  containing  4267  pixels  is  near  the  target.  A  small  ridge  is 
also  near  the  target. 

Target  grade:  excellent 

BLD24331  contains  7  peaks  and  two  large  crests  among  the  very  high 
points.  One  large  peak  (containing  2,948  pixels)  is  contained  in  the 
target.  This  peak  is  extremely  prominent  since  its  average  height  is 
254.27! 

The  image  has  9  ridges,  one  small  peak,  and  one  large  mesa  among  the 
high  points.  Two  of  the  ridges  are  long.  The  target  is  represented  by 
the  large  mesa,  which  contains  3,547  pixels.  Note  that  the  target 
contains  5,606  pixels. 

Target  grade:  good 
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BL024403 

23,907 

1  ,260 

(51,177) 

(2,5) 

10 

112.85 

20.16 

BL02441 0 

18,677 

1  ,160 

(54,176) 

(3,9) 

27 

117.44 

13.94 

BLD2441 5 

15,154 

1 ,060 

(54,181) 

(4,11) 

44 

123.84 

12.07 

BLD24420 

10,049 

1  ,060 

(54,177) 

(6,15) 

83 

138.21 

14.82 

BLD24431 

635 

1  ,060 

(52,173) 

(51 ,64) 

2,684 

170.65 

30.40 

Remarks : 

BLD24403 

contains 

three 

small  and 

very  small 

peaks 

among  the 

very 

points . 

The  image  contains 
points.  One  of  the 
ridges  is  long.  The 
very  high  points. 

Target  grade:  poor 


two  mesas  and  three  ridges  among 


h  igh 
the  high 


mesas  is 
target  is 


small , 
found 


one  is  medium-sized.  One  or  the 
in  neither  the  high  points  nor  the 


BL02441 0  contains  10  small  and  very  small  peaks  and  one  small  crest 
among  the  very  high  points.  A  small  peak  with  23%  of  its  52  pixels 
identified  as  ridge  points  is  located  at  the  target.  The  target  has  27 
pixels. 

The  image  contains  5  ridges  among  the  high  points.  Two 
ridges  are  very  long  and  two  are  long.  A  small  ridge  with  49% 

116  pixels  identified  as  ridge  points  is  located  near  the  target. 

Target  grade:  good 


of 

of 


the 

its 


BLD2441 5  contains  12  small  peaks,  small  ridges,  and  one  small  crest 
among  the  very  high  points.  A  small  peak  with  the  highest  average 
height  and  92  pixels  contains  the  target.  Note  that  the  target  has  44 
pixels. 

The  image  contains  12  ridges,  one  small  mesa,  and  two  small  peaks 
among  the  high  points.  Two  of  the  ridges  are  very  long  and  two  are 
long. 

Target  grade:  very  good 


BLD24420  contains  9  small  and  very  small  peaks,  three  ridges,  one 
medium-sized  mesas,  and  one  small  crest  among  the  very  high  points. 
The  very  prominent  small  crest  with  144  of  its  185  pixels  three 
standard  deviations  above  the  mean  contains  the  target. 

The  image  contains  7  ridges,  three  small  peaks,  and  one  large 
ridge -peak  system  among  the  very  high  points.  Three  of  the  ridges  are 
very  long  and  one  is  long. 

Target  grade  very  good 


81  -63 


BLD24431  contains  14  peaks,  one  ridge,  and  one  large  crest  among 
the  very  high  points.  One  of  the  peaks  is  large  and  the  rest  are  small 
and  very  small.  A  very  large  peak  with  2,253  pixels  is  located  at  the 
centroid  of  the  target.  A  very  small  peak  with  26  pixels  is  located 
near  the  target. 

The  image  contains  9  ridges,  one  large  mesa,  and  one  small  peak. 
One  of  the  ridges  is  long.  A  large  mesa  with  2,860  pixels  is  located 
at  the  centroid  of  the  target.  A  long  ridge  with  1,534  pixels  is 
located  near  the  target.  A  ridge  with  225  pixels  is  located  near  the 
target. 

The 


' - -  3-  ”  ' 

The  very  large  peak  with  2,253  pixels  is  contained  in  the  target. 
Since  the  target  contains  2,684  pixels,  the  target  grade  is  excellent. 
Target  grade:  excellent 
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Bl. 024502 

23,192 

1 ,360 

(52,169) 

(4,11) 

34 

112.56 

18.73 

BLD24509 

17,895 

1,160 

(53,174) 

(6,18) 

69 

116.96 

13.75 

BL02451 8 

10,899 

1  ,160 

(53,174) 

(8,26) 

127 

127.57 

13.44 

BLD24525 

5,745 

960 

(57,171) 

(15,45) 

509 

139.12 

15.41 

BL024530 

682 

1  ,060 

(42,169) 

(57,139) 

6,571 

166.76 

25.10 

Remarks : 

BLD24502  contains  two  very  small  peaks  and  three  ridges  among  the 
very  high  points.  Two  of  the  ridges  are  very  long.  A  very  small  peak 
with  85%  of  its  14  pixels  identified  as  peak  points  is  located  at  the 
target;  the  target  has  34  pixels. 

The  Image  contains  4  ridges,  one  large  ridge-peak  system,  and  one 
small  mesa  among  the  high  points.  Two  of  the  ridges  are  very  long  and 
two  are  long.  The  target  is  not  found  in  the  high  points. 

Target  grade:  very  good 

BLD24509  contains  5  small  and  very  small  peaks,  two  ridges,  and  one 
small  crest  among  the  very  high  points.  The  target  is  not  foung  among 
the  very  high  points. 

The  image  contains  6  ridges,  one  medium-sized  mesa,  and  one 
medium-sized  ridge-peak  system.  Three  of  the  ridges  are  very  long  and 
two  are  long.  Each  ridge  contains  at  least  65%  ridge  points.  The 
target  is  at  the  end  of  a  very  long  ridge  with  569  pixels. 

Target  grade:  poor 

BLD2451 8  contains  5  small  and  very  small  peaks,  two  small  crests, 
and  two  small  mesas  among  the  very  high  points.  A  prominent  small  peak 
with  96  pixels  Is  located  at  the  target.  This  peak  has  the  highest 
average  height.  The  target  has  509  pixels. 

‘.he  image  has  10  ridges,  three  small  peaks,  two  small  mesas,  and 
one  medium-sized  ridge-peak  system  among  the  high  points.  Six  of  the 
ridges  are  very  long  Including  one  incredibly  long  ridge.  One  of  the 
peaks  is  very  steep.  A  component  with  136  pixels  Is  located  at  the 
target.  Two  components,  one  with  1,137  pixels  and  another  with  2,268 
pixels,  are  located  near  the  target. 

Target  grade:  very  good 

BLD24525  contains  8  peaks,  one  large  crest,  and  one  very  long  ridge 
among  the  very  high  points.  A  medium-sized  peak  with  307  pixels  is 
located  at  the  target.  The  large  crest  is  very  prominent  and  has  412 
pixels. 

The  image  contains  7  ridges,  one  small  mesa,  and  one  small  peak. 
Four  of  the  ridges  are  long  and  two  are  long.  A  very  long  ridge  with 
2,682  pixels  contains  the  target. 

Target  grade:  very  good 


BLD24530  contains  6  small  and  very  small  peaks,  two  ridges,  an  one 
small  crest  among  the  very  high  points.  One  ridge  Is  long.  The  long 
ridge  Is  very  prominent  and  has  21%  of  Its  1,893  pixels  Identified  as 
ridge  points.  This  ridge  represents  the  target. 

The  Image  contains  9  ridges  and  one  small  peak  among  the  high 
points.  A  very  prominent  massive  high  ridge  with  ?6%  of  Its  5,171 
pixels  represents  the  target. 

Target  grade:  very  good 
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BLD2461 1 

13,363 

1,160 

(53,225) 

(7,24) 

130 

115.35 

13.96 

BL02461 2 

12,807 

1  .160 

(56,231) 

(8,28) 

180 

118.86 

13.43 

BL02461 3 

11,888 

1  ,160 

(56,235) 

(8,31) 
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8L02461 4 

11 ,123 
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(58,240) 

(9,34) 
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8L02461 5 
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1,160 

(55,247) 

(9.36) 

241 

128.70 

16.64 

BLD2461 6 

9,209 

1 ,160 

(58,242) 

(9,40) 
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1,160 

(56.242) 
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1 ,160 
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(12,46) 
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6,185 
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5,269 
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(54,185) 

(20,68) 

880 

145.81 

23.71 

BL024621 

5,420 

1 ,160 

(54,185) 

(20,66) 

850 

BL024622 

4,458 

1 .160 

(53,187) 

(25,80) 

1,285 

BLD24623 

3,507 
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(53.191) 

(34,100) 

2,140 
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145.95 
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Remarks : 

BLD2461 1 

contains 

three 

peaks,  three  ridges, 

and  two 

crests 

among 

■ry  high 

points . 

One 

of  the  ridges  is  very  long. 

The 

target 

represented  by  a  small  isolated  peak  which  contains  109  pixels.  Note 
that  the  target  contains  130  pixels. 

The  image  has  13  ridges  and  one  small  mesa  among  the  high  points, 

tight  of  these  ridges  are  very  long.  The  target  is  contained  in  a  very 
long  ridge.  Three  other  ridges  (including  two  very  long  ones)  are  near 
the  target. 

Target  grade:  very  good 

BI.D2461 2  contains  5  peaks  and  5  ridges  among  the  very  high  points.  Two 
of  the  peaks  are  medium-sized  and  one  of  the  ridge  is  very  long.  A 

prominent  (but  not  the  most  prominent)  small  peak  represents  128  of  the 
ISO  pixels  in  the  target. 

The  image  has  12  ridges  among  the  high  points.  Seven  of  thes  ridges 
are  very  long.  The  target  is  contained  in  a  ridge  with  916  pixels. 

Three  other  ridges  are  nearby.  Two  of  these  ridge  are  very  long. 

Target  grade:  good 

BLD24615  contains  6  small  peaks,  4  ridges,  and  one  medium-  sized  crest 
among  the  very  high  points.  Two  of  the  ridges  are  very  long.  A 

prominent  peak  with  185  pixels  is  at  the  centroid  of  the  target  .  (Note 
that  the  target  has  241  pixels  )  The  longest  very  long  ridge  is  near  the 
target . 

The  image  has  12  ridges  and  one  small  peak  among  the  high  points,  five 
of  the  ridges  are  very  long  and  three  are  long.  One  of  the  very  long 


ridges  is  at  the  centroid  of  the 
close  by  and  parallel  to  the  first. 
Target  grade:  good 


target.  Another  very  long  ridge 


81  6 1 


z.y;z 


BL024619  contains  8  peaks  and  three  ridges  among  the  very  high  points. 
One  of  the  peaks  Is  largo  and  one  Is  medium-sized.  On  of  the  ridges  Is 
very  long.  The  medium-sized  peak  with  151  of  322  pixels  at  least  three 
standard  deviations  above  the  mean.  This  peak  Is  a  subset  of  the  target, 
which  has  564  pixels. 

The  Image  has  9  ridges,  two  small  peaks,  and  one  small  mesa  among  the 
high  points.  Four  of  the  ridges  are  very  long  and  on  Is  long.  The 

target  is  an  unlabeled  component  with  633  pixels,  which  narrowly  missed 
the  thresholds  for  both  ridge  and  peak  designation.  This  component  was 

very  prominent  since  It  had  151  pixels  at  least  three  standard  deviations 
above  the  mean. 

Target  gz.ade:  good 

BLD24620  contains  10  peaks,  two  ridges,  and  one  large  crest  among  the 
very  high  points.  Nine  of  the  peaks  are  small  or  very  small.  The  large 
peak  has  430  pixels  and  Is  very  prominent.  Moreover,  this  peak  Is  at  the 
centroid  of  the  target.  Two  small  peaks  with  a  total  of  66  pixels  are 
near  this  large  peak. 

The  Image  has  8  ridges,  one  small  ridge-peak  system,  and  one  small  mesa 
among  the  high  points.  Three  of  the  ridges  are  very  long  and  one  is 

long.  The  ridge-peak  system  contains  800  pixels  and  Is  very  prominent. 
This  component  Is  almost  exactly  the  target.  (Note  that  the  target 

contains  880  pixels.)  A  small  ridge  and  a  long  ridge  are  near  the  target. 

Target  grade:  very  good 

BLD24625  contains  10  peaks,  two  ridges,  and  three  crests  among  the  very 
high  points.  The  longest  component  Is  a  crest  containing  2,519  pixels. 
The  target  contains  this  long  crest. 

The  image  has  6  small  ridges  and  one  massive  ridge  peak  system  among 
the  high  points.  The  ridge-peak  system  contains  4,96?  pixels  and  is  a 
subset  of  the  target,  which  has  12,959  pixels. 

Target  grade:  good 
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8LD24701 

28,832 

1  ,360 

(56,192) 

(3.10) 

29 

99.45 
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35 

105.26 

18.23 
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20,841 
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(56,179) 

(5,13) 

58 

111.30 

15.40 

BL0247 1 5 

16,603 

1,260 

(53,174) 

(6,16) 

72 

117.62 

13.83 

BL024721 

12,146 

1,260 

(55,178) 

(7,22) 

132 

124.61 

18.04 

BLD24731 

Remarks : 

3,409 

1  ,160 

(60,171) 

(107,139) 

12,017 

167.11 

39.50 

BLD24701  contains  Two  small  and  very  small  peaks  among  the  very 
high  points.  A  small  peak  with  30  pixels  Is  locatd  near  the  target. 
An  unlabeled  component  with  64  pixels  Is  located  near  the  target. 

The  Image  contains  one  small  ridge  and  two  mesas  among  the  high 

points.  One  of  the  mesas  Is  large  and  one  Is  medium-sized  A  large  mesa 
with  3,244  pixels  is  located  near  the  target.  A  medium-sized  mesa  with 
1,822  pixels  Is  located  near  the  target. 

The  target  is  not  found  In  either  the  high  points  or  the  very  high 
points . 

Target  grade:  poor 

BLD24705  contains  6  small  and  very  small  peaks  and  one  small  ridge 

among  the  very  high  points.  A  very  small  peak  with  22  pixels  Is 

located  at  the  target.  A  small  peak  with  33  pixels  i  located  near  the 
target . 

The  image  contains  5  ridges  and  one  large  mesa  among  the  high 

points.  One  of  the  ridges  Is  long  and  one  is  small  and  flat.  The 
target  Is  not  found  among  the  high  points. 

Target  grade:  very  good 

BLD24710  contains  15  small  and  very  small  peaks  among  the  very  high 
points.  A  peak  with  29  pixels  is  at  the  target.  A  peak  with  51  pixels 
Is  near  the  target. 

Ihe  image  contains  three  ridges,  one  small  peak,  and  two 
medium-sized  mesa  among  the  high  points.  One  of  the  ridges  is  very 

long  and  one  is  small  and  flat.  The  target  is  not  found  in  the  high 
points . 

Target  grade:  very  good 

B1.D2471  5  contains  14  small  and  very  small  peaks  and  two  ridges 
among  the  very  high  points.  A  moderately  prominent  small  peak  with  1 9 
pixels  Is  located  at  the  target.  A  small  peak  with  31  pixels  is  near 
the  target. 

The  image  contains  one  small  mesa,  three  small  peaks,  and  6 

ridges.  Two  are  flat,  one  is  very  long,  and  one  is  long.  A  small  prak 

Is  at  the  target.  The  most  prominent  small  peak  with  46?  pixels  is 

located  near  the  target. 

Target  grade:  excellent 
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81024721  contains  one  medlur  'ized  crest  and  1?  small  and  very 
small  peaks  among  the  very  high  points.  A  small  peak  with  118  pixels 
is  at  the  target.  A  prominent  small  peak  with  74  pixels  and  a  small 
peak  with  30  pixels  are  near  the  target.  Note  that  the  target  has  132 
pixels. 

The  image  contains  two  peaks,  5  ridges,  and  one  small  ridge-  peak 
system  among  the  high  points.  One  of  the  ridges  is  very  long.  A 
moderately  prominent  small  ridge-peak  system  contains  the  target,  which 
has  361  pixels.  A  ridge  with  14%  of  its  2620  pixels  identified  as 
ridge  points  is  located  near  the  target.  ridge  with  76*  of  its  131 
pixels  identified  as  ridge  points  is  located  near  the  target. 

The  target  is  "excellent"  because  of  nesting  and  size  of  small  peak 

i  _  _ _  .  u  l  _ 


in  very  high. 

Target  grade: 


excel  lent 


8LD24731  contains  13  small  and  very  small  peaks,  two  ridges,  and 
two  large  crests  among  the  very  high  points.  An  unlabeled  component 
with  35  pixels  is  located  near  the  centroid  of  the  target. 

The  image  contains  8  ridges  and  two  small  peaks  among  the  high 
points.  A  very  prominent  component  with  4,692  pixels  is  locate  near 
the  centroid  of  the  target. 

Target  grade:  very  good 
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DBLD254** 


IMAGE 

DIST 

ALT 

CENTROID 

DIM 

PIXFLS 

MEAN 

STAND 

BL02541  1 

14,089 

1,360 

(49,137) 

(8,41) 

159 

134.0? 

14.03 

RL025412 

13,576 

1  ,260 

(54,164) 

(10,46) 

206 

81.02541 4 

12,649 

1,260 

(70,291) 

(16,83) 

320 

135.69 

15.14 

Remarks : 

BLD2541 1  contains  three  small  mesas,  two  very  small  peaks,  and  one 
small  ridge  among  the  very  high  points.  The  target  Is  represented  by  a 
small  unlabeled  Isolated  component  containing  48  pixels.  (This 
component  was  almost  labeled  a  ridge.) 

The  Image  has  11  ridges  and  one  massive  ridge-peak  system  among  the 
high  points.  Four  of  the  ridges  are  very  long  and  two  are  long.  The 
target  is  a  subset  of  a  small  ridge,  which  contains  225  pixels.  This 
ridge  Is  parallel  to  three  other  ridges  near  the  target.  Note  that  the 
target  contains  159  pixels. 

Target  grade:  good 

Bl. 025414  has  a  cluster  of  4  small  components  with  a  total  of  232 
pixels.  Two  of  these  components  are  small  ridges.  There  is  also  a 
large  mesa  among  the  very  high  points. 

The  image  has  9  ridges  and  one  large  mesa  among  the  high  points. 
Four  of  the  ridges  are  very  long  and  two  are  long  The  target  is 
represented  by  the  .ong  ridge  containing  279  pixels.  A  very  long  ridge 
is  near  the  target.  Note  that  the  target  contains  IPO  pixels. 

Target  grade:  good 


D8LD255** 


IMAGE 

DIST 

ALT 

CENTROID 

DIM 

PIXELS 

MEAN 

STAND 

8LD25501 

19.405 

1 ,260 

(55,282) 

(6,37) 

99 

124.34 

n- 

CO 

BLD25502 

18,104 

1  .260 

(49,283) 

(5,40) 

86 

BL02551 1 

19,018 

1 ,260 

(55,307) 

Ill ,85) 

359 

154.99 

17.38 

Remarks : 

Bl  025501  has  only  one  very  long  ridge  among  the  very  high  points. 
The  target  was  not  found. 

The  image  has  6  ridges  and  two  mesas  among  the  high  points.  Two  of 
the  ridges  are  long.  One  mesa  is  medium-sized.  The  target  is 
represented  by  a  small  flat  ridge  with  1-18  pixels.  Another  small  ridge 
and  a  long  ridge  are  near  the  target.  Note  that  the  target  contains  99 
pixels. 

Target  grade:  good 

BL02551 1  has  three  ridges,  three  peaks,  and  one  crest  among  the 
very  high  points. 

The  image  contains  4  ridges  and  one  ridge-peak  system  among  the 
high  points.  Two  of  the  ridges  are  very  long  and  one  is  long.  The 
target  is  almost  exactly  represented  by  a  very  long  ridge  which 
contains  376  pixels. 

Target  grade:  excellent 


DBID256** 


IMAGE 

DIST 

ALT 

CENTROID 

DIM 

PIXFLS 

MEAN 

STAND 

8102561 1 

19,622 

1,300 

(61,313) 

(5,32) 

97 

138.76 

14.50 

BLD25621 

7,236 

1,200 

(51 ,288) 

(23,97) 

1  ,389 

BL025623 

4,982 

1,200 

(58,275) 

(59,120) 

3,981 

140.03 

37.08 

Remarks : 

81025611  contains  one  small  ridge  and  one  medium-sized  mesa  among 
the  very  high  points.  The  small  ridge  contains  33  pixels  and  Is  a 
subset  of  the  target.  Note  that  the  target  has  97  pixels. 

The  Image  has  6  ridges  and  two  medium-sized  mesas  among  the  high 
points.  One  of  the  ridges  is  very  long,  one  is  long,  and  two  are 
flat.  The  target  is  contained  In  a  small  ridge  with  410  pixels. 
Another  component  with  336  pixels  is  near. 

Target  grade:  marginal  pass 

BLD25623  has  4  small  peaks  and  three  ridges  among  the  very  high 
points.  One  of  the  ridges  Is  long  and  one  Is  very  long.  Two  small 
ridges  and  a  peak  are  near  the  centroid  of  the  target. 

The  image  contains  10  ridges  and  one  small  mesa  among  the  high 
points.  Three  ridges  are  very  long  and  two  are  long.  A  number  of 
these  long  and  very  long  ridges  are  in  the  target  area  Together  they 
seem  to  make  up  about  30*  of  the  target.  Since  the  target  Is  so  large 
and  spread  out,  it  Is  difficult  to  determine  what  It  is.  The  shape  and 
direction  of  some  of  the  very  long  ridges  in  the  target  area  are  more 
Indicative  of  runway  Images  than  building  Images. 

Target  grade:  marginal  pass 


D8LD257** 


IMAGE  OIST  ALT  CENTROID  DIM  PIXELS  MEAN  STAND 

RLD2570I  25,990  1,260  (49,228)  (3,35)  70  96.87  18.96 

BI.D25721  (Range  data  not  available.)  1  47.74  1  5.43 

Remarks : 

BLD25701  contains  one  small  mesa  among  the  very  high  points. 
Unfortunately,  the  target  was  not  located.  However,  upon  inspection  of 
the  data  it  was  noticed  that  the  pixel  values  in  the  image  were  very 
bland  in  the  region  around  the  target. 

The  image  contains  6  ridges  among  the  high  points.  Four  of  these 
ridges  are  very  long  and  one  Is  long. 

Target  grade:  poor 

8LD25721  contains  two  ridges,  one  mesa,  and  one  small  peak  among 
the  very  high  points. 

The  Image  has  4  ridges  and  two  small  mesas  among  the  high  points. 
One  of  the  ridges  is  massive  and  one  Is  very  long. 


DBLD260** 

IMAGE  DIST  ALT  CENTROID  DIM  PIXELS  MEAN  STAND 

RLD2601 9  (Range  data  not  available.)  142.81  12.80 

Remarks : 

BLD26019  contains  6  peaks,  6  ridges,  one  small  mesa,  and  one  small 
crest  among  the  very  high  points. 

The  image  has  7  ridges,  one  mesa,  and  one  medium-sized  ridge-peak 
system  among  the  high  points.  One  of  the  ridges  is  very  long  and  three 
are  long. 


Appendix  C.  The  purpose  of  this  appendix  is  to  summarize  the 
results  of  a  study  of  50  petroleum  tank  images.  Since  the  petroleum  tank 
images  contain  as  many  as  23  targets  in  a  single  image,  they  are  much 
more  complicated  than  the  bridge,  building,  or  runway  images.  Thus,  the 
target  grading  system  was  modified  from  that  used  for  the  buildings  and 


bridges.  In  particular,  if  virtually  all  the  targets  were  found,  then  we 
assigned  a  grade  of  excellent.  If  75%  of  the  targets  were  found,  then  we 

assigned  a  grade  of  very  good.  If  50%  of  the  targets  were  found,  then  we 

assigned  a  grade  of  good.  If  a  few  of  the  targets  were  found,  then  we 

assigned  a  grade  of  marginal  pass.  If  none,  then  we  assigned  a  grade  of 

poor.  As  noted  in  the  summaries  given  below,  the  petroleum  images  are 
much  more  complicated  than  the  runway,  building,  and  bridge  images 
studied  before.  However,  in  most  cases  the  algorithm  was  able  to 
generate  useful  information. 

The  following  table  summarizes  the  results  of  all  the  petroleum  tank 
Images  studied.  In  the  following  charts  the  distance  (in  feet)  from  the 
sensor  to  the  target  is  given  in  the  column  headed  by  DIST,  while  the 
mean  and  standard  deviation  of  the  entire  image  are  listed  under  MEAN  and 
STAND. 


GRADE 

Excel  lent 
Very  good 
Good 

Marginal  pass 
Poor 

Total 


NUMBER 


IMAGE 

DIST 

MEAN 

SI  AND 

NUMBLR  OF 
TARGETS 

rARGE 1 

GRADE 

P0L2481  1 

15,093 

155.35 

8.64 

6 

good 

P0L24812 

14,228 

157.57 

9.19 

6 

very  good 

P0L24813 

13,314 

158.84 

9.95 

6 

very  good 

P0L2481 5 

10,861 

168.00 

12.34 

6 

good 

POI  24817 

8,814 

175.93 

15.07 

7 

good 

POI  24820 

5,670 

147. 76 

18.01 

22 

good 

P0L24912 

16,094 

146.33 

9.45 

7 

good 

POI  24914 

14,142 

146.44 

12.00 

7 

good 

P0L24917 

10,580 

1  63  35 

15.57 

15 

very  good 

POI  2 4919 

8,361 

154.69 

11.41 

19 

very  good 

POI  24921 

7,141 

158.79 

13.55 

19 

very  good 

POI  24924 

3,693 

190.71 

21  .  57 

1 1 

marginal  pass 

P0L24925 

2,431 

152.80 

25.32 

8 

marginal  pass 

P0L25003 

20,450 

140.47 

10.44 

1 

exce  1 1 ent 

POL  25005 

20,798 

140.13 

10.32 

1 

poor 

POL  25007 

19,046 

142.84 

9.26 

1 

very  good 

P0L25009 

18,466 

141.26 

8.85 

1 

exce 1 1 ent 

P0L2501 1 

18,663 

141.34 

9.27 

1 

exce  1  1  ent 

& 

$ 


f 

V 

*5 


POL2501 3 

14,724 

146.09 

P0L2501 5 

11,591 

145.90 

POL25021 

7,167 

133.39 

POI  25023 

5,069 

141 .01 

P0L26301 

30,639 

96.70 

P0L26304 

25,133 

120.23 

P0126306 

24,809 

119.26 

P0L26308 

19,097 

127.67 

POI. 2631 0 

19,146 

128.86 

P0L2631 1 

18,976 

130.32 

P0L2631 3 

14,530 

137.59 

P0L26321 

7,854 

141 .58 

POI  26323 

5,244 

152.78 

POL26324 

4,199 

144.55 

P0L26326 

1  ,931 

121 .80 

P0L26421 

17,194 

95.65 

P0L26423 

13,016 

103.89 

P0L26424 

12,713 

103.71 

POI 26426 

9,749 

110.50 

P0L26427 

8,620 

114.12 

POL26430 

4,681 

136.10 

POI 26431 

5,261 

129.57 

POI 26432 

4,330 

139.11 

POI 26434 

2,101 

153.03 

POI. 32401 

26,511 

118.83 

P0L3240? 

27,140 

117.50 

POI 32403 

27,654 

117.68 

P0L32404 

21,139 

125.75 

P0L3241 1 

13,269 

134.04 

POL3241 4 

10,544 

133.56 

P0L3241 5 

8,980 

138.24 

P0L3241 6 

7,618 

134.46 

7.99 

1 

exce  1  lent 

8.57 

1 

exce 1  lent 

9.09 

10 

very  good 

3.52 

22 

very  good 

16.98 

1 

poor 

14.23 

1 

ma rginal 

15.82 

1 

ma rgi na  1 

11  .58 

1 

good 

13.74 

1 

marginal 

13.15 

1 

very  good 

12.70 

6 

good 

10.39 

12 

very  good 

12.66 

12 

very  good 

13.76 

9 

good 

6.52 

1 

poor 

13.71 

5 

very  good 

12.50 

18 

good 

12.94 

20 

very  good 

13.27 

23 

very  good 

13.24 

23 

very  good 

14.07 

13 

good 

12.84 

17 

very  good 

14.71 

10 

very  good 

22.75 

4 

good 

15.06 

4 

poor 

15.89 

2 

poor 

14.87 

2 

poor 

12.34 

4 

poor 

8.03 

5 

excel  lent 

9.81 

6 

excel  lent 

10.18 

8 

excel  lent 

9.52 

15 

very  good 

A  summary  of  the  observations  of 
algorithm  is  given  below. 


DP0I.248* 


the  output  of  the  labeling 


NUMBER  Of 


TARGE r 


IMAGE 

OIST 

MEAN 

STAND 

TARGE  TS 

GRADT 

POI  24811 

15,093 

155.35 

0.64 

6 

good 

POL  248 1 2 

J  4 ,228 

157.57 

9.19 

6 

very  good 

P0L2481 3 

13,314 

158.84 

9.95 

6 

very  good 

P0L24815 

10,861 

168.00 

12.34 

6 

good 

P0L2481 7 

8,814 

175.93 

15.07 

7 

good 

POI  24820 

5,670 

147.76 

18.01 

22 

good 

81  -76 
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Remarks : 


P0L24811  contains  9  peaks,  two  ridges,  and  one  small  crest  among  the 

very  high  points.  The  peaks  are  small  and  very  small.  One  of  the  ridges 
is  long.  There  is  a  very  small  peak  with  29  pixels  at  the  centroid  of 
target  3  and  a  small  peak  with  119  pixels  at  the  centroid  of  target  4. 
These  targets  contain  160  and  94  pixels,  respectively.  A  long  ridge  with 
40%  of  its  467  pixels  identified  as  ridge  points  contains  targets  5  and 
6.  Targets  1  and  2  were  not  found. 

The  image  contains  6  ridges,  one  small  peak,  and  one  massive  ridge 
among  the  high  points.  One  of  the  ridges  is  massive  and  one  is  very 
long.  Five  of  the  six  ridges  have  a  very  high  percentage  of  ridge 
points.  The  massive  ridge  has  5,796  pixels  and  contains  all  targets. 

P0L24812  contains  10  peaks,  7  ridges,  and  one  small  mesa  among  the 

very  high  points.  One  of  the  ridges  is  very  long  and  one  is  long.  A 
small  mesa  with  72  pixels  and  a  very  small  peak  with  27  pixels  represent 
target  4.  Note  that  target  4  has  91  pixels.  A  very  small  peak  with  27 
pixels  is  at  the  location  of  target  5. 

The  image  contains  5  ridges  among  the  high  points.  Two  of  the  ridges 
are  very  long,  one  is  long,  and  one  is  a  massive,  flat  ridge.  The  long 
ridge  with  73%  of  its  272  pixels  is  almost  exactly  the  length,  width,  and 
size  of  target  3. 

P0L2481 3  contains  9  peaks,  5  ridges,  and  one  small  mesa  among  the  very 
high  points.  One  of  the  peaks  is  medium  sized.  One  of  the  ridges  is 

long  and  one  is  very  long.  The  small  mesa  represents  target  4.  Two  very 

small  peaks  represent  targets  5  and  6. 

The  image  contains  6  ridges  and  one  small  mesa  among  the  high  points. 
Three  of  the  ridges  are  long  and  one  is  a  massive,  flat  ridge.  One  of 
the  long  ridges  with  65%  of  its  329  pixels  represents  target  3.  Target  3 
has  403  pixels. 

Targets  1  and  2  were  not  found. 

POI 24815  contains  10  small  and  very  small  peaks  and  three  small  ridges 
among  the  very  high  points.  A  very  small  peak  represents  target  5.  A 
small  peak  with  129  pixels  represents  target  6  and  is  near  target  4. 

The  image  contains  6  ridges  and  one  massive  ridge -peak  system  among 
the  high  points.  The  ridges  have  a  high  percentage  of  ridge  points. 
Three  of  the  ridges  are  very  long.  The  ridge-peak  system  contains  7,017 
pixels.  A  ridge  with  60%  of  its  130  pixels  represents  target  1.  Note 
that  target  1  has  104  pixels. 

Targets  2  and  3  were  not  found. 

POI. 2481  7  contains  14  peaks  and  two  small  ridges  among  the  very  high 
points.  Ten  of  the  peaks  are  very  small.  A  small  cliff  with  35  pixels 
is  at  the  centroid  of  target  1.  A  small  peak  with  20  pixels  almost 
exactly  represents  target  6.  Two  small  peaks  are  at  the  centroid  of 
target  7. 

The  image  contains  9  ridges  and  one  large  ridge-peak  system  among  the 
high  points.  Two  of  the  ridges  are  very  long,  one  is  long,  and  one  is 
flat. 

Targets  2-5  were  not  located. 


P0L24820  contains  12  small  and  very  small  peaks  and  two  small  ridges 
among  the  very  high  points.  Small  and  very  small  peaks  represent  6  of 
the  22  targets.  A  small  ridge  and  two  unlabeled  components  are  at  or 
near  6  other  targets. 

The  image  contains  9  ridges  and  two  small  mesas  among  the  high 
points.  Two  of  the  ridges  are  long  and  one  is  flat.  Four  ridges  (3  with 
at  least  73%  ridge  points)  are  near  a  number  of  the  targets.  A  prominent 
ridge  with  21%  ridge  points  contains  3  or  4  targets.  While  many  of  the 
22  targets  are  represented,  this  image  is  very  complicated.  The  output 
from  the  labeling  algorithm  reflects  this  complexity. 


DP0L249** 


IMAGE 

DTST 

NUM 

MEAN 

ER  OF 
STAND 

TARGET 

TARGETS 

GRADE 

POI  24912 

16,094 

146.33 

9.45 

7 

good 

P0L2491 4 

14,142 

146.44 

12.00 

7 

good 

P0L2491 7 

10,580 

163.35 

15.57 

15 

very  good 

POI 24919 

8,361 

154.69 

11.41 

19 

very  good 

P0L24921 

7,141 

158.79 

13.55 

19 

very  good 

POI 24924 

3,693 

190.71 

21  .57 

11 

poor 

P0L24925 

2,431 

152.80 

25.32 

8 

ma  rg i na  1  pas  s 

Remarks : 

POt 2491 2  contains 

one  smal 

1  crest, 

three  small  and 

I  very  small  peaks. 

and  one  very 

long  ridge  among  the  very  high  points. 

The  ridge  contains 

2,169  pixels. 

Three 

of  the 

targets 

are  represented 

by  small  and  very 

small  peaks. 

The  image  contains  seven  ridges  and  two  small  mesas  among  the  high 
points.  Two  of  the  ridges  are  very  long  and  one  is  long.  One  of  the 
very  long  ridges  dominates  the  image.  The  long  ridge  with  53%  of  its  128 
pixels  represents  a  target. 

Targets  1-3  were  not  found. 


P0L2491 4  contains  three  small  and  very  small  peaks  and  two  ridges 
among  the  very  high  points.  One  of  the  ridges  is  very  long  and  has  very 
few  ridge  points  and  a  large  number  of  flat  points.  The  very  long  ridge 
has  3,390  pixels  and  dominates  the  image. 

The  image  contains  7  ridges  among  the  high  points.  One  ridge  with 
4,709  pixels  has  many  top-of-cliff  and  flat  points.  Another  ridge  has  18 
percent  of  its  points  being  peak  points.  The  rest  of  the  ridges  have  a 
very  high  percentage  of  ridge  points. 


P0I24917  contains  four  small  and  very  small  peaks,  two  mesas,  and  one 
ridge  among  the  very  high  points.  One  of  the  mesas  is  large.  Three  of 
the  small  and  very  small  peaks  represent  targets. 

The  image  contains  three  ridges  and  one  massive  ridge-peak  system 
among  the  high  points.  Two  of  the  ridges  are  long.  Seven  of  the  15 
targets  are  contained  in  a  long  ridge  with  57%  of  its  661  pixels 
identified  as  ridge  points.  Two  other  targets  are  contained  in  the  other 
long  ridge. 


P0L24919  contains  7  peaks,  two  small  crests,  and  three  ridges  among 
the  very  high  points.  One  of  the  peaks  Is  medium-s  i  zed ,  while  the  rest 
are  small  and  very  small.  One  of  the  ridges  is  very  long.  Another  has 
all  top  of  cliff  points.  Target  6  is  represented  by  a  very  small  peak. 
Target  7  is  represented  by  a  small  ridge.  Targets  8-10  are  contained  in 
a  medium-sized  peak.  Targets  11-12  are  represented  by  a  small  crest. 

The  image  contains  4  ridges  among  the  high  points.  One  of  the  ridges 
is  massive  with  22%  of  its  6,076  pixels  identified  as  ridge  points.  This 
massive  ridge  contains  targets  5-17.  A  small  ridge  with  89%  of  its  109 
pixels  represents  targets  18  and  19.  A  ridge  with  24%  of  its  609  pixels 
contains  targets  1-4. 

POl. 24921  contains  5  peaks  and  one  very  long  ridge  among  the  very  high 
points.  One  of  the  peaks  is  medium-sized.  Ten  of  the  19  targets  are 
represented  by  components  in  very  high.  A  small  peak  with  82  pixels 
represents  target  5,  a  medium-sized  peak  with  324  pixels  represents 
targets  9-11,  a  small  peak  with  123  pixels  represent  targets  12-14,  and  a 
very  long  ridge  with  227  pixels  represents  targets  15-17. 

The  image  contains  three  ridges,  one  small  peak,  and  one  medium-sized 
mesa  among  the  high  points.  One  of  the  ridges  is  long.  A  large  ridge 
with  25%  of  its  3,709  pixels  identified  as  ridge  points  contains  targets 
5-17. 

Targets  1-4  and  18-19  are  not  found. 

POl 24924  contains  12  small  and  very  small  peaks,  one  medium-  sized 
peak,  one  medium-sized  crest,  and  one  ridge  among  the  very  high  points. 

The  image  contains  8  sma (1  peaks,  one  smali  ridge-peak  system,  one 
small  mesa,  and  8  ridges  among  the  high  pints. 

The  targets  did  not  correspond  to  the  topographic  features  in  either 
level . 

POl  24925  contains  10  peaks  and  two  ridges  among  the  very  high  points. 
Two  of  the  peaks  are  medium-sized.  One  medium-sized  peak  is  very 
prominent,  but  not  near  any  target. 

The  image  contains  two  small  peaks,  one  small  mesa,  two  small 
ridge -peak  systems,  and  three  ridges  among  the  high  points.  One  ridge 
with  27%  of  its  1,162  pixels  identified  as  r’Jge -points  represents  target 
4  almost  exactly.  Some  of  the  other  targets  were  represented  by  small 
peaks,  but  the  results  were  somewhat  disappointing. 
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140.47 
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POI  25005 
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POI 25007 

19,046 
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POL25009 
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POI  2501  1 
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1 
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POI  25015 

11,591 
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7,167 
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9.09 

10 

very  good 

POL25023 

5,069 

141 .01 

13.52 

22 
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Remarks : 

POI 25003 

contains 

two  peaks 

and  two 

ridges  among 

the  very  high 

points.  One 

of  the  ridges  is  very 

'  long. 

The  image  contains  two  ridges  and  three  mesas  among  the  high  points. 
One  of  the  ridges  is  long,  one  is  flat.  One  of  the  mesas  is  large  and 
contains  3,315  pixels.  A  small  ridge  among  the  high  points  with  69 
percent  of  its  116  pixels  identified  as  ridge  points  represents  the 
target  almost  exactly. 

POI 25005  contains  two  ridges  and  one  peak  among  the  high  points.  A 

long  ridge  has  75  percent  of  its  337  pixels  identified  as  ridge  points. 
Another  long  ridge  has  81  percent  of  its  597  pixels  Identified  as  ridge 
points . 

The  image  contains  one  small  ridge  and  one  long  ridge  among  the  high 

points.  Ninety-four  percent  of  the  185  pixels  on  the  small  ridge  are 

Identified  as  ridge  points. 

The  target  is  not  found  in  either  the  very  high  points  or  the  high 
points . 

P0L25007  contains  two  very  small  peaks,  two  ridges,  and  one  small  mesa 
among  the  very  high  points.  One  of  the  ridges  is  long. 

The  image  contains  4  ridges,  one  large  ridge-peak  system,  and  three 

small  mesas  among  the  high  points.  One  of  the  ridges  is  long,  one  is 
very  long. 

The  target  is  represented  in  the  high  points  by  a  small  ridge  with  103 
pixels.  This  component  has  35  percent  ridge  points  and  17  percent  peak 
points.  Another  small  ridge  with  92X  of  its  115  pixels  is  also  near  the 
target.  The  long  ridge  among  the  high  points  is  much  more  prominent  with 
279  of  751  pixels  three  standard  deviations  above  the  mean. 


POL25009  contains  10  small  and  very  small  peaks,  one  medium-  sized 
crest,  and  one  small  ridge  among  the  very  high  points.  There  is  a  very 
small  peak  with  PI  pixels  at  the  target.  There  is  a  prominent 

medium-sized  crest  a  distance  from  the  target. 

The  image  contains  4  ridges,  one  medium-sized  mesa,  and  one  large 

ridge-peak  system  among  the  high  points.  One  of  the  ridges  is  long.  The 
ridges  all  have  a  high  percentage  of  ridge  points. 

There  is  a  small  ridge  among  the  high  points  with  29%  of  its  151 

pixels  at  the  centroid  of  the  target.  Since  the  target  has  163  pixels, 
the  target  grade  is  excellent.  A  small  ridge  with  80%  of  its  110  pixels 
Is  also  near  the  target. 

PDl. 2501 1  contains  9  small  and  very  small  peaks,  one  small  ridge,  and 

one  small  crest  among  the  very  high  points.  The  small  crest  has  278  of 
its  470  pixels  three  standard  deviations  above  the  mean.  In  the  very 

high  points  two  small  peaks  with  a  total  of  100  pixels  are  at  the  target, 
which  contains  144  pixels.  A  prominent  small  crest  is  far  from  the 

target . 

The  image  contains  three  ridges,  one  small  mesa,  and  one  large 
ridge  peak  system  among  the  high  points.  The  two  ridges  away  from  the 
target  have  50%  and  65%  ridge  points  respect i vely .  A  long  ridge  with  18% 
of  its  296  pixels  identified  as  ridge  points  is  located  at  the  target. 

P0L25013  contains  14  peaks  and  one  small  crest  among  the  very  high 

points.  One  of  the  peaks  is  large,  the  rest  are  small  and  very  small.  A 

small  crest  containing  153  pixels  is  located  at  the  centroid  of  the 
target.  A  long  ridge  with  289  pixels  contains  the  target  which  has  217 
pixels. 

The  image  contains  8  ridges,  one  small  peak,  and  one  large  ridgo-peak 
system.  A  long  ridge  with  289  pixels  is  located  at  the  target.  This 
ridge  has  47  ridge  points  and  50  peak  points.  A  long  ridge  with  56%  of 
its  134  pixels  identified  as  ridge  points  is  near  the  target.  A  large 
ridge-peak  system  with  14%  of  its  2,93.3  pixels  identified  as  ridge  points 
is  near  the  target. 

P0I  25015  contains  8  small  and  very  small  peaks,  two  ridges,  one 
medium  sized  crest,  and  one  small  crest  among  ttie  very  high  points.  A 
very  prominent,  medium-sized  crest  with  14%  of  its  32 1  pixels  identified 
as  ridge  points  is  located  at  the  target  which  contains  392  pixels.  Note 
that  this  crest  also  is  prominent  since  109  of  its  pixels  are  three 
standard  deviations  above  the  mean. 

The  image  contains  9  ridges  and  one  medium  sized  ridge  peak  system 
among  the  high  points.  A  prominent  ridge  with  9%  of  its  405  pixels 
Identified  as  ridge  points  is  near  the  target. 


POI  25021  contains  8  small  and  very  small  peaks  and  1  small  ridges 
among  the  very  high  points.  A  small  peak  with  35  pixels  is  located  at 
target  3.  A  large  peak  with  810  pixels  is  located  at  target  1.  A  small 
peak  with  188  pixels  and  a  small  peak  with  31  pixels  are  located  at 
target  8.  A  small  peak  with  188  pixels  is  near  targets  3  and  5.  A  small 
peak  with  53  pixels  is  located  at  target  7.  An  unlabeled  component  with 
42  pixels  is  located  at  target  9.  A  very  small  peak  with  29  pixels  is 
located  at  target  10.  Targets  1,2  and  5  are  not  found  among  the  very 
high  points. 

The  image  contains  6  ridges  among  the  high  points.  Three  are  very 
long  and  one  is  long.  A  small  ridge  with  104  pixels  is  near  targets  1 
and  2.  A  very  prominent,  very  long  ridge  with  18%  of  its  3,394  pixels 
identified  as  ridge  points  is  located  at  targets  3-4  and  6-10.  Targets 
1,  2,  and  5  are  not  found  among  the  high  points. 

POI. 25023  contains  8  peaks,  two  large  crests,  and  one  small  ridge  among 
the  very  high  points.  One  of  the  peaks  is  medium-  sized,  the  resl  are 
small.  A  prominent,  medium-sized  peak  with  the  highest  average  height 
and  256  pixels  is  located  at  target  4.  An  unlabeled  component  with  14 
pixels  is  located  near  targets  5-  6.  A  prominent,  large  crest  with  178 
pixels  is  at  targets  8,  10,  and  13.  The  prominent,  large  crest  with  545 
pixels  is  located  at  targets  15-17.  The  small  peak  with  31  pixels  is 
located  at  target  11.  The  ridge  with  63%  of  its  47  pixels  identified  a\ 
ridge  points  is  near  target  19.  Targets  2-3,  7,  12,  18,  and  20-  2?  are 
not  found  among  the  very  high  points. 

The  image  contains  9  ridges  and  one  small  peak  among  the  high  points. 
One  of  the  ridges  is  very  long,  one  is  long.  A  small  ridge  with  86%  of 
its  135  pixels  identified  as  ridge  points  is  located  at  target  1  which 
has  232  pixels.  A  long  ridge  with  3,674  pixels  contains  targets  12-21. 
A  small  peak  with  151  of  its  474  pixels  three  standard  deviations  above 
the  mean  contains  targets  4  and  5.  A  very  long  ridge  with  216  pixels 
contains  target  22.  A  small,  flat  ridge  with  318  pixels  contains  target 
18.  A  small  ridge  with  84%  of  its  1,138  pixels  identified  as  ridge 
points  is  located  at  target  3.  A  small  ridge  with  57%  of  its  110  pixels 
identified  as  ridge  points  is  located  at  target  2. 
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POL  26301 
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Remarks : 

P0L26301  contains  one  ridge  with  68%  of  its  170  pixels  identified  as 
ridge  points  among  the  very  high  points.  No  components  are  at  the  target 
at  this  level. 

The  image  contains  one  large  mesa  and  two  ridges  among  the  high 
points.  One  ridge  has  85%  of  its  119  pixels  identified  as  ridge  points. 
The  other  has  24%  of  its  2,360  pixels  identified  as  ridge  points.  The 
target  is  near  the  mesa  which  has  3,092  pixels. 

POI  26304  contains  one  ridge  among  the  high  points.  This  ridge  has  56*. 
of  its  67  pixels  identified  as  ridge  points. 

The  image  contains  three  mesas  and  two  ridges  among  the  high  points. 
One  of  the  mesas  is  small,  one  is  medium  sized,  and  one  is  large.  The 
target  is  near  the  large  mesa  which  has  4,064  pixels.  The  target  has  847 
pixels . 

P0L26306  contians  one  ridge  and  one  small  mesa  among  the  very  high 
points.  The  ridge  has  60%  of  its  255  pixels  Identified  as  ridge  points. 
The  mesa  has  82%  of  its  88  pixels  identified  as  flat  points. 

The  image  contains  three  ridges  and  one  small  mesa,  and  one  large 
ridge -peak  system  with  4,183  pixels  among  the  high  points.  One  of  the 
ridges  Is  flat,  two  are  very  long.  The  ridges  have  27%,  72%,  and  36% 
ridge  points.  The  target  is  next  to  the  ridge-  peak  system.  The  target 
has  820  pixels. 

POt 26308  contains  two  small  peaks,  three  ridges,  and  one  small  mesj 
among  the  very  high  points.  Two  of  the  ridges  are  very  long.  All  of  the 
components  are  near  the  target.  A  very  long  ridge  has  86%  of  its  186 
pixels  identified  as  ridge  points.  Another  very  long  ridge  has  30%  of 
its  810  pixels  Identified  as  ridge  points.  There  are  over  1,000  pixels 
total  in  all  the  components 

The  image  contains  three  ridges,  two  small  mesas,  and  one  large  ridge 
peak  system  among  the  high  points.  The  ridge -peak  system  has  20%  of  its 
82?  pixels  identified  as  ridge  points.  The  target  is  contained  in  the 
ridge-peak  system.  The  target  contains  1,097  pixels. 
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POI 25021  contains  0  small  and  very  small  peaks  and  1  small  ridges 

among  the  very  high  points.  A  smalt  peak  with  15  pixels  is  located  at 
target  3.  A  large  peak  with  010  pixels  is  located  at  target  1  A  small 
peak  with  188  pixels  and  a  small  peak  with  31  pixels  are  located  at 
target  8.  A  small  peak  with  188  pixels  is  near  targets  1  and  5.  A  small 
peak  with  53  pixels  is  located  at  target  7.  An  unlabeled  component  with 
4 2  pixels  is  located  at  target  9.  A  very  small  peak  with  29  pixels  is 
located  at  target  10.  Targets  1,2  and  5  are  not  found  among  the  very 
high  points. 

The  image  contains  6  ridges  among  the  high  points.  Three  are  very 
long  and  one  is  long.  A  small  ridge  with  104  pixels  is  near  targets  1 
and  2.  A  very  prominent,  very  long  ridge  with  18%  of  its  3,394  pixels 
identified  as  ridge  points  is  located  at  targets  3-4  and  6-10  Targets 
1,  2,  and  5  are  not  found  among  the  high  points. 

POI. 25023  contains  8  peaks,  two  large  crests,  and  one  small  ridge  among 
the  very  high  points.  One  of  the  peaks  is  medium-  sized,  the  rest  are 

small.  A  prominent,  medium-sized  peak  with  the  highest  average  height 

and  256  pixels  is  located  at  target  4.  An  unlabeled  component  with  14 
pixels  is  located  near  targets  5-  6.  A  prominent,  large  crest  with  178 

pixels  is  at  targets  8,  10,  and  13.  The  prominent,  large  crest  with  545 

pixels  is  located  at  targets  15-17.  The  small  peak  with  31  pixels  is 
located  at  target  11.  The  ridge  with  63%  of  its  47  pixels  identified  as 
ridge  points  is  near  target  19.  Targets  2-3,  7,  12,  18,  and  20-  22  are 
not  found  among  the  very  high  points. 

The  image  contains  9  ridges  and  one  small  peak  among  the  high  points. 
One  of  the  ridges  is  very  long,  one  is  long.  A  small  ridge  with  86%  of 

its  135  pixels  identified  as  ridge  points  is  located  at  target  i  which 
has  232  pixels.  A  long  ridge  with  3,674  pixels  contains  targets  12-21. 
A  small  peak  with  151  of  its  474  pixels  three  standard  deviations  above 
the  mean  contains  targets  4  and  5.  A  very  long  ridge  with  216  pixels 

contains  target  22.  A  small,  flat  ridge  with  318  pixels  contains  Largel 
18.  A  small  ridge  with  84%  of  its  1,138  pixels  identified  as  ridge 

points  is  located  at  target  3.  A  small  ridge  with  57%  of  its  110  pixels 
identified  as  ridge  points  is  located  at  target  2. 
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Remarks : 

POL26301  contains  one  ridge  with  68%  ot  its  170  pixels  identified  as 
ridge  points  among  the  very  high  points.  No  components  are  at  the  target 
at  this  level . 

The  image  contains  one  large  mesa  and  two  ridges  among  the  high 
points.  One  ridge  has  85%  of  Its  119  pixels  identified  as  ridge  points. 
The  other  has  21%  of  its  2,360  pixels  Identified  as  ridge  points  The 
target  is  near  the  mesa  which  has  3,09?  pixels. 

P01 26304  contains  one  ridge  among  the  high  points  This  ridge  has  56% 
of  its  67  pixels  identified  as  ridge  points. 

The  image  contains  three  mesas  and  two  ridges  among  the  high  points. 
One  of  the  mesas  Is  small,  one  is  medium  sized,  and  one  Is  large.  The 
target  is  near  the  large  mesa  which  has  4,064  pixels.  The  target  has  84/ 
pixels. 

P0L26306  conlians  one  ridge  and  one  small  mesa  among  the  very  high 

points.  The  ridge  has  60%  of  its  255  pixels  identified  as  ridge  points. 
The  mesa  has  82%  of  its  88  pixels  identified  as  flat  points. 

The  image  contains  three  ridges  and  one  small  mesa,  and  one  large 

ridge -peak  system  with  4,183  pixels  among  the  high  points.  One  of  the 
ridges  is  flat,  two  are  very  long.  The  ridges  have  27%,  72%,  and  36% 

ridge  points.  The  target  is  next  to  the  ridge-  peak  system.  The  target 
has  820  pixels. 

P0L26308  contains  two  small  peaks,  three  ridges,  and  one  small  mesa 
among  the  very  high  points.  Two  of  the  ridges  are  very  long.  All  of  the 
components  are  near  the  target.  A  very  long  ridge  has  86%  of  its  186 

pixels  identified  as  ridge  points.  Another  very  long  ridge  has  30%  of 
its  810  pixels  identified  as  ridge  points.  There  are  over  1,000  pixels 
total  in  all  the  components. 

The  image  contains  three  ridges,  two  small  mesas,  and  one  large  ridge 
peak  system  among  the  high  points.  The  ridge-peak  system  has  20%  of  its 
822  pixels  identified  as  ridge  points.  The  target  is  contained  in  the 
ridge-peak  system.  The  target  contains  1,097  pixels. 


pni  283)0  contain',  two  small  peaks,  one  ridge,  and  one  large  mesa  among 
t  tie  very  high  points  There  are  no  components  at  the  centroid  ot  the 

t  a  rget 

The  image  contain-  6  ridges,  one  massive  ridge  peak  system,  and  one 

medium  si  zed  mesa  Three  ot  the  ridges  are  long.  A  ridge  with  17%  of 

its  196  pixels  identified  as  ridge  points  and  a  massive  ridge-peak  system 

with  13%  of  its  6,060  pixels  identified  as  ridge  points  are  located  at 
the  target.  The  target  has  1,486  pixels. 

POi  76311  contains  two  small  peaks  and  one  very  long  ridge  among  the 

very  high  points.  The  ridge  has  ?)%  of  its  pixels  identified  as  t  idge 

points  and  75%  of  its  pixels  identified  as  flat  points.  A  small  peak  is 

located  near  the  centroid  of  the  target. 

The  image  contains  three  small  ridges,  one  massive  ridge-peak  system, 

and  one  small  mesa  among  the  high  points  All  of  t fie  ridges  ha'-e  over 

80%  ridge  points  A  massive  ridge-peak  system  with  63%  of  its  5,508 

pixels  identified  as  flat  points  is  located  at  the  target.  The  target 

contains  1,567  pixels.  The  target  grade  Is  very  good  because  inside  the 
ridge -peak  system  there  Is  a  small  peak  at  the  centroid  of  the  target. 

P0t  76313  contains  two  peaks,  one  small  ridge,  and  one  large  mesa  among 
the  very  high  points.  A  small  peak  with  79  pixels  is  located  at  target 

3  A  very  small  peak  with  4?  pixels  is  located  al  target  4.  Targets  1-2 
and  targets  5-6  are  not  found. 

The  image  contains  three  ridges  and  two  mesas  among  the  high  points. 
One  of  the  ridges  is  long  and  one  is  long  and  flat.  One  of  the  mesas  is 
small  and  one  is  large.  The  long,  flat  ridge  .•.itfi  1,66/  pixels  conlains 
targets  5-6  Target  1-4  are  not  found  among  the  high  points. 

POi  76321  contains  6  peaks,  one  small  crest,  and  two  small  ridges  among 
the  very  high  points.  One  of  the  peaks  is  large  and  the  rest  are  small 
and  very  small.  A  prominent,  small  peak  with  131  pixels  is  located  at 

target  5  arid  at  target  6.  A  small  peak  with  24  pixels  is  located  at 

target  1.  A  very  prominent,  large  peak  with  52?  pixels  is  located  at 

target  7,  target  8,  and  target  9.  The  number  of  pixels  in  these  targets 
i s  741.  A  small  peak  with  1//  pixels  is  located  at  targets  11  and  12. 
The  total  number  of  pixels  in  these  two  targets  is  299.  Targets  2-4  and 
target  10  are  not  found  among  the  very  high  points. 

The  image  contains  two  ridges,  three  mesas,  and  one  medium-  sized 
ridge  peak  system  among  the  high  points.  A  ridge  with  40%  of  its  446 
pixels  identified  as  ridge  points  is  located  at  targets  1-4.  A 

prominent,  medium-sized  ridge-ppak  system  with  15%  of  its  1,680  pixels 
identified  as  ridge  points  is  located  at  targets  5-12. 
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POl 26323  contains  6  peaks,  one  small  ridge,  and  one  large  mesa  Tw 
of  the  peaks  are  medium-sized.  A  small  peak  with  30  pixels  is  located  at 
target  3  which  has  489  pixels.  A  medium  sized  peak  with  358  pixels  is 
located  at  targets  5-8  which  together  have  926  pixels.  A  prominent, 
large  mesa  with  l.ihO  pixels  is  located  at  targets  30-3?  Targets  not 
found  among  the  very  high  points  are  1,2,4,  and  9 

The  image  contains  8  ridges,  one  large  ridge  peak  system,  and  one 
small  mesa  among  the  high  points.  Two  of  the  ridges  are  very  long  and 
one  is  long.  A  very  long  ridge  with  7b*  of  its  223  pixels  identified  as 
ridge  points  is  located  at  target  1  which  contains  580  pixels.  A  small 
ridge  with  80*  of  its  132  pixels  identified  as  ridge  points  is  located  at 
target  2  which  has  608  pixels.  A  ridge  with  39%  of  its  1,168  pixels 
identified  as  ridge  points  is  located  at  target  3  and  target  1  which 
together  contain  534  pixels.  A  prominent,  large  ridge-peak  system  with 
2,650  pixels  is  located  at  targets  5-8  and  10-12.  Target  9  is  not  found. 


P0L26324  contains  5  small  and  very  sma  1 1  peaks,  one  large  mesa,  anil 
one  long  ridge  among  the  very  high  points  A  very  prominent  long  ridge 
with  670  pixels  is  located  at  target  2  which  contains  105  pixels  A 
prominent  large  mesa  with  759  pixels  is  located  at  targets  6  and  7 
These  targets  have  684  and  589  pixels,  respectively.  Targets  1,  3-5,  and 
8  are  not  found  among  the  very  high  points. 

The  image  contains  8  ridges  and  two  mesas.  One  of  the  ridges  is  long 

and  one  is  flat.  One  of  the  mesas  is  small,  one  is  medium  sized.  A  /cry 

prominent  long  ridge  with  23%  of  its  1,785  pixels  identified  a-,  ridge 
points  is  located  at  target  2.  A  medium  sized  mesa  with  2,046  pixels 
engulfs  targets  6  and  7.  Tt  is  near  target  9  which  contains  203  pixels. 
Targets  1,  3,  and  5  are  not  found  among  the  high  points. 

PHI  26326  contains  4  mesas  and  one  small  ridge  among  the  very  high 

points.  One  of  the  mesas  is  medium-sized.  The  target  is  not  found,  all 
components  are  small. 

The  image  contains  two  large  ridge -peak  systems,  one  long  ridge,  and 
one  small  ridge  among  the  high  points.  Since  the  target  contains  7,739 
pixels  and  the  total  number  of  pixels  in  these  components  is  less  than 

1,000,  a  target  grade  of  poor  is  assigned. 
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P0I 26421 

17,194 

95.65 

13.71 

5 

very  good 

POL26423 

13,016 

103.89 

12.50 

18 

good 

>: 

P0I 26424 

12,713 

103.71 

12.94 

20 

very  good 

& 

P0I 26426 

9,749 

110.50 

13.27 

23 

very  good 

i 

P0I.26427 

8,620 

114.12 

13.24 

23 

very  good 

■ 

P0L26430 

4,681 

136.10 

14.07 

13 

good 

POL26431 

5,261 

129.57 

12.84 

17 

very  good 

P0L26432 

4,330 

139.11 

14.71 

10 

very  good 

k 

P0L26434 

2,101 

153.03 

22  .  75 

4 

good 

i 

Remarks : 

P0L26421 

contains 

5  peaks 

among  the 

very  high  points.  Three  are 

sma 1 1 ,  one 

is  very  sma 1 1 ,  and 

one  is  medium-sized 

A  small  peak  with  84 

pixels  is 

located  at 

targets 

2  and  3. 

A  small  peak  with  31  pixels  is 

L'  - 

located  at 

target  4. 

Targets 

1  and  5  are 

not  found. 

The  image  contains  three 

ridges,  one  large 

mesa,  and  one  large 

• 

ridge-peak 

system  among  the  high  points 

A  long 

ridge  with  84%  of  its 

125  pixels 

identified 

as  ridge  points  is  located 

at  target  1 .  A  large 

ridge  -peak 

system  with  4,739 

pixels  is 

located  at 

targets  2,  3,  4,  and 

B 

5.  A  very 

long  ridge 

with  93%  ridge  points  is  near  the  large  ridge -peak 

system. 

POl 26423  contains  7  peaks  among  the  very  high  points.  One  of  the 
peaks  is  large,  two  are  small,  and  4  are  very  small.  One  small  peak  is 
prominent  and  has  150  pixels  while  another  small  peak  has  50  pixels. 

The  image  contains  4  ridges,  one  massive  ridge -peak  system,  and  one 
medium  sized  mesa  among  the  high  points.  Two  of  the  ridgps  are  long;  one 
Is  small  and  flat.  A  ridge  with  81%  of  its  117  pixels  identified  a' 
ridge  points  is  located  near  targets  4  and  5.  A  massive  ridge  -peak 
system  with  14%  of  its  5,024  pixels  identified  as  ridge  poinl  .  engulfs 
targets  6-18. 


P0L26424  contains  10  small  and  very  small  peaks  among  the  very  high 
points.  A  moderately  prominent  peak  with  109  pixels  is  located  at 
targets  5  and  6.  A  moderately  prominent  peak  with  65  pixels  is  located 
at  targets  7-12.  A  moderately  prominent  peak  with  77  pixels  is  located 
at  targets  13-15.  A  peak  with  35  pixels  is  located  at  targets  16-18. 
Targets  1-4,  19,  and  20  are  not  found  among  the  very  high  points. 

The  image  contains  one  large  mesa,  4  ridges,  and  one  large  ridge -peak 
system  among  the  high  points.  Two  of  the  ridges  are  very  long.  A 
ridge  peak  system  with  craters  has  13%  of  its  4,350  pixels  identified  as 
ridge  points.  This  ridge  peak  system  contains  target  5. 

Note  that  target  5  can  De  pinpointed  almost  exactly  as  first  a  subset 
of  the  ridge -peak  system  and  second  near  a  moderately  prominent  peak 
contained  in  the  ridge  peak  system.  We  refer  to  this  technique  as 
"nested  targeting". 
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POI 26426  contains  6  small  and  very  small  peaks  and  one  very  long  ridge 

among  the  very  high  points.  Three  of  the  peaks  are  moderately 

prominent.  A  peak  with  157  pixels  is  located  at  targets  6-9.  A  peak 

with  98  pixels  is  located  at  targets  10-14.  A  peak  with  107  pixels  is 
located  at  targets  15-18.  A  peak  with  6?  pixels  is  located  at  targets 
19-21  . 

the  image  contains  7  ridges  and  two  mesas  among  the  high  points. 
Three  of  the  ridges  are  very  long;  one  is  long.  One  of  the  mesas  is 
small  and  one  is  medium-sized.  A  long  ridge  with  16%  of  its  4,273  pixels 
identified  as  ridge  points  and  42%  identified  as  mesa  points  is  located 
at  targets  2-23. 

POI. 26427  contains  three  peaks  and  two  ridges  among  the  very  high 
points.  One  of  the  peaks  is  medium-sized;  two  are  small.  One  of  the 
ridges  is  very  long.  A  prominent,  medium-sized  peak  with  231  pixels  is 
located  at  targets  6-9.  A  small  peak  with  148  pixels  is  located  at 

targets  10-13.  A  prominent  ridge  with  21%  of  its  388  pixels  identified 
as  ridge  points  is  located  at  targets  14-20  and  is  near  targets  21  and 
23  Targets  1-5  and  22  are  not  found  among  the  very  high  points 

The  image  contains  9  ridges  and  one  small  mesa  among  the  high  point  s. 
One  of  the  ridges  is  long,  two  are  very  long,  one  is  very  long  and  flat, 
and  one  is  flat.  A  very  long  flat  ridge  with  4,584  pixels  contains 
targets  3-23.  Target  1  is  not  found. 

POL264  30  contains  6  ridges  and  three  peaks  among  the  very  high 
points.  One  of  the  peaks  is  medium-sized.  A  very  high  ridge  has  70%  of 
its  30  pixels  Identified  as  ridge  points  Another  ridge  has  all  of  its 
39  pixels  identified  as  top-of  -cliff  points.  An  unlabeled  component  with 
49  pixels  is  located  at  target  1.  A  medium-sized  peak  with  320  pixels  is 
located  at  target  2.  An  unlabeled  component  with  21%  of  its  151  pixels 

identified  as  ridge  points  is  located  at  target  6.  A  very  high  ridge 
with  53%  of  its  133  pixels  identified  as  ridge  points  is  located  at 

target  1 1  . 

The  image  contains  9  ridges,  one  small  peak,  and  one  small  me  ' a  among 
the  high  points. 

Note  that  5  unlabeled  components  were  at  targets.  All  but  two  targets 
were  located  almost  exactly. 

P 0126431  contains  7  peaks  and  five  ridges  among  the  very  high  points. 
A  prominent  medium-sized  peak  with  19%  of  its  286  pixels  identified  as 
ridge  points  is  located  at  target  4.  A  small  peak  with  28%  of  its  78 
pixels  identified  as  ridge  points  is  located  at  target  5.  A  small  peak 

with  15%  of  its  180  pixels  identified  as  ridge  points  is  located  at 

target  8.  A  small  peak  with  17%  of  its  143  pixels  identified  as  ridge 
points  is  located  at  target  11.  A  prominent  ridge  with  14%  of  its  172 
pixels  identified  as  ridge  points  is  located  at  targets  14  and  15.  A 
long  ridge  is  located  at  target  16. 

The  image  contains  4  ridges  and  two  small  mesas  among  the  high 
points.  One  of  the  ridges  is  massive;  one  is  small  and  flat. 


P0L26432  contains  5  ridges  and  3  peaks  among  the  very  high  points.  A 
prominent  ridge  with  380  pixels  is  located  at  target  1.  An  unlabeled 
component  with  153  pixels  is  located  at  target  2.  A  small  peak  with  33 
pixels  is  located  at  target  5.  A  ridge  with  109  pixels  is  located  at 
target  8. 

The  image  contains  6  ridges  and  one  small  mesa  among  the  high  points. 
A  prominent  ridge  with  with  4,581  pixels  is  located  at  targets  1,  2 ,  5, 
and  8;  it  is  near  targets  7  and  9. 

POl.26434  contains  one  small  peak,  7  ridges,  and  one  small  mesa  among 
the  very  high  points.  Three  of  the  ridges  are  very  long  and  two  are 
long.  Three  very  long  ridges  and  one  ridge  are  located  at  target  1.  One 
small  ridge  and  two  long  ridges  are  located  at  target  3.  Targets  2  and  4 
are  not  found  among  the  very  high  points. 

The  image  contains  TO  ridges  among  the  high  points.  One  is  small  and 
flat;  three  are  long.  A  ridge  with  1,189  pixels  and  an  unlabeled 
component  with  453  pixels  are  at  target  1.  A  long  ridge  with  37"  ridge 
points,  a  component  with  102  pixels,  and  a  long  ridge  with  170  of  its  172 
pixels  identified  as  Lop  -of -c 1  Iff  points  are  located  at  target  3. 
Targets  2  and  4  are  not  clearly  defined  among  the  high  points.  Target  1 
has  4,036  pixels,  target  2  has  1,512,  target  3  has  2,288,  and  target  1 
has  1 ,292  pixels. 
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POL32401 

26,511 

1 18.83 

15.06 

4 

poor 

P0L32402 

27,140 

117.50 

15.89 

2 

poor 

P0I 32403 

27,654 

117.68 

14.87 

2 

poor 

POI.32404 

21,139 

125.75 

12.34 

4 

poor 

P0I  32411 

13,269 

134.04 

8.03 

5 

excel  lent 

PHI  32414 

10,544 

133.56 

9.81 

6 

excel  lent 

P01 32415 

8,980 

138.24 

10.18 

8 

excel  lent 

POL  3241  6 

/  ,618 

134.46 

9 . 52 

5 

very  good 

Remarks : 

P0L32401  contains  two  small  mesas  among  the  very  high  points.  Neither 
of  the  mesas  are  near  the  target. 

The  image  contains  one  massive  ridge-peak  system  and  one  small  mesa 
among  the  high  points.  The  ridge-peak  system  has  7f>%  of  its  5,081  pixels 
identified  as  mesa  points.  The  target  is  not  found. 

POL32402  contains  one  small  mesa,  one  large  mesa,  and  one  small  ridge 
among  the  very  high  points.  None  of  the  components  are  near  either 
target. 

The  image  contains  one  large  ridge-peak  system,  two  small  mesas,  and 
one  long  ridge  among  the  high  points.  The  ridge-peak  system  has  4,4// 
pixels.  The  target  is  not  found. 
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P0L32403  conta.ins  one  small  mesa  among  the  very  high  points.  All  of 
the  mesa  s  103  pixels  are  flat  points.  An  un labeled  component  with  566 
pixels  is  near  the  boundry  of  the  target. 

The  image  contains  one  large  mesa,  one  small  flat  ridge,  and  one  small 
mesa  among  the  high  points.  Neither  of  the  two  targets  is  found  in 
either  the  high  or  very  high  points. 

POL32404  contains  one  unlabeled  component  with  1,644  pixels  among  the 
very  high  points. 

The  image  contains  three  mesas  and  one  small  ridge  among  the  high 
points.  Two  of  the  mesas  are  small  and  one  is  large.  Target  4  is  near 
the  large  mesa  with  4,258  pixels. 

P01.32411  contains  5  peaks  and  two  small  ridges  among  the  very  high 
points.  Three  of  the  peaks  are  small  and  two  are  very  small.  A  small 
peak  with  33  pixels  is  located  at  target  1.  A  small  peak  with  46  pixels 
is  located  at  targets  2  and  3.  A  small  peak  with  92  pixels  is  located  at 
targets  4  and  5. 

The  image  contains  11  ridges,  one  ridge-peak  system,  one  small  mesa, 
and  one  medium-sized  mesa  among  the  high  points.  The  medium-sized 
ridge-peak  system  has  44%  of  its  2,354  pixels  identified  as  mesa  points 
and  17%  identified  as  ridge  points.  It  contains  all  5  targets. 

POI 32414  contains  6  small  and  very  small  peaks  as  well  as  one 
prominent  ridge  among  the  very  high  points.  A  small  peak  with  59  pixels 
is  located  at  target  1.  A  small  peak  with  82  pixels  is  located  al 
targets  2  and  3.  A  small  peak  with  101  pixels  is  near  targets  4-6. 

The  image  contains  7  ridges,  4  mesas,  and  one  small  peak.  Tour  of  the 
ridges  are  very  long,  one  is  long,  and  one  is  flat.  A  small  peak  with 
130  pixels  contains  targets  2  and  3.  A  small  mesa  with  19%  of  its  948 
pixels  identified  as  ridge  points  and  40%  as  flat  points  contains  targets 
4-5.  A  very  long  ridge  with  89%  of  its  197  pixels  identified  as  ridge 
points  is  parallel  to  the  small  mesa  with  948  pixels.  A  very  long  ridge 
with  95%  of  its  270  pixels  identified  as  ridge  points  is  also  parallel  to 
the  small  mesa  with  948  pixels.  Taryet  1  has  144  pixels,  target  2  has 
24,  target  3  has  126,  target  4  has  98,  target  5  has  28,  and  target  6  has 
150. 

POI 32415  contains  three  small  peaks  and  5  very  small  peaks  among  the 
very  high  points.  The  three  small  peaks  are  identified  as  targets.  A 
prominent  small  peak  with  68  pixels  is  located  al  targets  1  and  2.  A 
prominent,  small  peak  with  108  pixels  is  located  at  targets  3  and  4.  A 
prominent,  small  peak  with  135  pixels  is  located  at  targets  5-6  and  is 
near  target  8.  An  unlabeled  component  has  27%  of  its  499  pixels 
Identified  as  ridge  points;  this  component  is  the  most  prominent. 

The  image  contains  two  prominent  small  peaks  and  one  prominent  ridge 
among  the  high  points.  The  small  peak  with  103  pixels  is  located  al 
targets  1  and  2  which  together  have  132  pixels.  The  .mall  peak  with  159 
pixels  is  located  at  targets  3  and  4  which  together  contain  198  pixels. 
The  ridgp  with  83?  pixels  is  located  at  targets  5  8  which  together  have 
331  pixels. 

All  targets  are  located. 
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POI  32416  contains  9  peaks  among  the  very  high  points.  One  is 
medi urn -s i zed ,  three  are  small,  and  5  are  very  small.  A  small  peak  with 
20%  of  its  97  pixels  identified  as  ridge  points  is  located  at  targets  1 
and  2  while  it  is  close  to  3  and  not  far  from  4.  A  small  peak  with  21% 
of  its  156  pixels  identified  as  ridge  points  is  located  at  targets  5-8 
and  15.  A  medium-sized  peak  with  14%  of  its  216  pixels  identified  a' 
ridge  points  is  located  at  targets  9-11.  Targets  12-14  are  not  found. 

The  image  contains  two  small  peaks,  6  ridges,  and  two  mesas  among  the 
high  points.  One  of  the  ridges  is  long  and  one  is  very  long.  One  of  the 
mesas  is  medium-sized;  one  is  small.  A  small  peak  with  15%  of  its  132 
pixels  identified  as  ridge  points  is  located  al  targets  1  and  2;  it  is 
close  to  target  3  and  not  far  from  target  4.  A  small  peak  with  14%  of 
its  221  pixels  identified  as  ridge  points  is  located  at  targets  5-8  and 
15  which  together  have  454  pixels.  An  unlabeled  component  with  20%  of 
its  1,006  pixels  identified  as  ridge  points  is  located  at  targets  9-  14 
which  have  a  total  of  300  pixels.  This  component  missed  being  labeled  a 
ridge  by  .01.  The  ridge  with  113  pixels  is  parallel  to  the  unlabeled 
component . 
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Appendix  0.  The  purpose  of  this  appendix  is  to  indicate  how  the 

Topographic  Labeling  Algorithm  is  proving  useful  in  runway  analysis. 

The  most  important  change  implemented  while  studying  these  images 
was  an  improved  segmentation  process.  Previously,  t  tie  regions  to  be 

labeled  were  chosen  to  be  the  connected  components  of  those  pixels  either 
one  or  two  standard  deviations  above  the  mean  of  the  entire  image. 

However,  several  difficulties  emerged  with  this  method  when  applied  to 

images  taken  4  to  6  miles  from  the  target.  Mrst,  the  images  were  so 
"bland"  that  pixels  representing  the  landing  strip  had  values  below  one 
standard  deviation  above  the  mean.  Thus,  in  the  segmentation  process  the 
pixels  representing  the  target  were  never  considered.  The  first  step 
towards  correcting  this  problem  was  to  include  "ridge"  and  "top  of  cliff" 
pixels  when  computing  the  connected  components.  While  this  technique 
helped,  the  runways  still  tended  to  appear  in  fragments  instead  of  one 

connected  whole.  The  addition  of  one  dilation  and  one  erosion  before 

segmenting  improved  results  considerably. 

The  second  problem  to  be  confronted  with  these  distant  images  was 
that  they  were  so  bland  that  the  standard  deviations  tended  to  bp 

extremely  low- somet imes  below  6.  This  situation  meant  that  the  "drop 
parameter"  alpha  was  disproportionately  large.  Consequently,  the  local 
topographic  content  of  most  points  was  determined  to  be  "flat*.  Thus, 
the  local  topographic  content  of  the  image  was  lost.  The  solution  to 

tins  problem  was  to  set  alpha  equal  to  7  if  the  standard  deviation  is  at 
least  14  and  one  half  the  standard  deviation,  if  not. 

The  Hough  Transform  has  been  added  to  the  algorithm  to  determine  how 
many  straight-line  directions  are  present  in  a  long  ridge.  The  number  of 
directions  will  be  important  in  deciding  whether  or  not  a  paticular  ridge 
matches  with  a  particular  runway. 

While  we  have  over  90  runway  images  in  our  data  set,  only  11 

different  targets  are  represented.  (We  have  as  many  as  30  images  of  t.ne 
same  runway  taken  at  distances  varying  between  3,000  and  35,000  feet.) 
Where  possible,  at  least  three  images  of  each  runway  have  been  discussed 
below.  In  the  cases  where  more  than  one  image  is  available,  the  nearest 
and  farthest  Images  will  always  be  considered. 


The  following  list  gives  a  summary  of  the  study  of  the  runway  images 
investigated  so  far.  Note  that  there  is  only  one  target  and  one  object 
in  each  image.  Note  further  that  all  Images  with  the  same  first  three 
numbers  are  of  the  same  target. 

RWY22002 

Range  Data: 

Distance  to  target 
Altitude 
Centroid 
Height,  width 
Pixels  in  target 

Image  Data: 

Si  ze 
Mean 

Standard  Deviation 
Min  Value,  Max  Val 

Remarks : 

The  labeling  algorithm  identified  one  medium-sized  crest  among  the 
very  high  points  in  the  image. 

Six  ridges  were  identified  among  the  high  points.  Three  of  these 
six  ridges  were  long.  One  very  long  ridge  was  left  unlabeled 
because  it  was  close  to  the  boundary  so  that  it  failed  to  satisfy  a 
technical  condition  for  the  ratio  tests  to  apply.  The  runway  was 
formed  from  one  of  the  very  long  ridges. 


31 ,960 
3,160 
(62,173) 
(32,9) 
256 


115x355 
128.06 
18.38 
ue  46,  255 


RWY22011 


Range  Data: 

Distance  to  target 

19,676 

Altitude 

3,160 

Centroid 

(72,174) 

Height,  width 

(97.15) 

Pixels  in  target 

1259 

Image  Data: 

Si  ze 

115x355 

Mean 

149.49 

Standard  Deviation 

21.30 

Min  Value,  Max  Value 

63,  255 

Remarks : 

The  algorithm  labeled  two  crests  among  the  very  high  points.  One 
of  these  crests  was  large  and  one  was  small.  The  large  crest  was 
unusually  prominant  because  almost  half  of  its  points  were  at  least 
three  standard  deviations  above  the  mean.  Moreover,  its  steepness 
factor  was  1119  which  is  unusually  large. 

The  algorithm  labeled  10  ridges  among  the  high  points.  One  of 
these  was  labeled  a  massive  ridge-peak  system,  while  three  were  very 
long  and  one  was  long.  Most  of  the  runway  was  made  up  of  th  massive 
ridge-peak  system  and  one  of  the  very  long  ridges. 
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RWY22021 


Range  Data: 

Distance  to  target 

8,905 

Altitude 

3,160 

Centroid 

(61,165) 

Height,  width 

019,25) 

Pixels  In  target 

2,559 

Image  Data: 

Size 

115x355 

Mean 

138.20 

Standard  Deviation 

31  .42 

Min  Value,  Max  Value 

70,  238 

Remarks : 

The  algorithm  labeled  two  ridges  and  two  small  peaks  among  the 

very  high  points.  One  of  the  ridges  was  very  long  and  Is  part  of 
the  runway. 

The  algorithm  labeled  7  ridges  among  the  high  points.  Two  of 

these  ridges  were  very  long.  A  massive  component  containing  7085 
points  was  left  unlabeled.  It  would  have  been  labeled  a  massive 

ridge  If  Its  ridge  confidence  factor,  CFRIDGE,  had  been  .01  higher. 
This  component  had  an  unusually  amorphous  shape  so  that  while  It  was 
more  like  a  ridge  than  anything  else.  It  was  not  as  clearly  a  ridge 
as  a  number  of  the  other  components.  The  Hough  Transform  gave  a 

very  clear  Indication  that  one  of  the  very  long  ridges  had  a 
preferred  direction.  The  runway  was  clearly  formed  from  the  two 
very  long  ridges  and  two  other  shorter  ridges. 

RWY22101 

Range  Data: 

Distance  to  target 
Altitude 
Centroid 
Height,  width 
Pixels  In  target 

Image  Data: 

Size 
Mean 

Standard  Deviation 
Min  Value,  Max  Value 

Remarks : 

The  algorithm  labeled  4  of  the  components  of  the  very  high  points 
as  peaks  and  4  as  ridges.  One  of  the  ridges  was  very  long.  The 
Hough  Transform  gave  a  very  strong  Indication  of  a  preferred 
direction  In  this  very  long  ridge.  This  last  ridge  was  part  of  the 
runway. 

The  algorithm  labeled  8  ridges,  one  peak,  and  one  mesa  among  the 
components  of  the  high  points.  One  ridge  was  a  massive  ridge-peak 
system,  one  was  a  small  ridge-peak  system,  and  two  were  very  long. 
The  runway  was  clearly  delineated  as  the  massive  ridge-peak  system. 


17,969 

3,160 

(62,199) 

(18,322) 

985 


115x355 
160.74 
14.62 
115,  255 


Rwy221 02 

Range  Data: 

Distance  to  target 

18,209 

Altitude 

3,160 

Centroid 

(65,175) 

Height,  width 

(22,339) 

Pixels  in  target 

1 ,201 

Image  Data: 

Si  ze 

115x355 

Mean 

161  .58 

Standard  Deviation 

15.08 

Min  Value,  Max  Value 

115,  255 

Remarks : 

The  algorithm  labeled 

two  peaks  and  4  ridges 

points.  One  of  the  ridges  was  very  long.  This 

part  of  the  runway. 

The  algorithm  labeled 

11  ridges  and  two  smal 

points  of  the  image.  The 

i  one  component  labeled 

system  clearly  delineated 

the  runway. 

RWY22111 

Range  Data: 

Distance  to  target 

18,131 

Altitude 

3,160 

Centro  id 

(64,180) 

Height,  width 

(14,360) 

Pixels  in  target 

1,260 

Image  Data: 

Size 

115x355 

Mean 

164.82 

Standard  Deviation 

21  .11 

Min  Value,  Max  Value 

57,  255 

peaks  in  the  high 
massive  ridge-peak 


Remarks : 

The  algorithm  labeled  7  peaks  and  0  ridges  among  the  very  high 
points.  One  peak  was  small  but  very  prominant.  None  of  the  ridges 
were  very  long,  but  the  runway  was  made  up  of  4  or  5  of  the  smaller 
ridges . 

The  algorithm  identified  12  ridges  among  the  high  points.  Two  of 
these  ridges  were  long,  while  two  more  were  very  long.  The  runway 
was  clearly  delineated  by  a  massive  ridge-peak  system  which  contains 
5356  pixels  together  with  one  of  the  very  long  ridges.  The  Hough 
Transform  indicated  a  preferred  direction  in  the  very  long  ridge. 


RWY2301 3 

Range  Data: 

Distance  to  target 

23,559 

Altitude 

2,870 

Centroid 

(22,154) 

Height,  width 

(44,200) 

Pixels  In  target 

625 

Image  Data: 

Si  ze 

115x355 

Mean 

126.77 

Standard  Deviation 

9.12 

Min  Value,  Max  Value 

97,  187 

Remarks: 

The  algorithm  located  two  small  ridges  and  one  small  mesa  among 
the  very  high  points. 

The  algorithm  Identified  4  ridges,  one  medium-sized  mesa,  and  a 
massive  ridge-peak  system  among  the  high  points.  One  of  the  4 
ridges  was  the  centroid  of  the  runway. 

RWY23023 

Range  Data: 


Distance  to  target 

11,368 

Altitude 

2,970 

Centroid 

(51,195) 

Height,  width 

(102,239) 

Pixels  In  target 

1,766 

lage  Oata: 

Size 

115x355 

Mean 

129.35 

Standard  Deviation 

11  .82 

Min  Value,  Max  Value 

87,  176 

Rema rks : 

The  algorithm  Identified  two  small  peaks,  one  crest,  and  5  small 
ridges  among  the  very  high  points.  The  5  ridges  were  fragments  of 
the  runway. 

The  algorithm  Identified  two  large  ridge-peak  systems  and  a  small 
mesa  among  the  high  points.  The  r:  iway  was  clearly  represented  by 
the  smaller  of  the  two  ridge-peak  systems. 


RWY2321 1 

Range  Data: 

Distance  to  target  21,996 

Altitude  3,220 

Centroid  (58,256) 

Height,  width  (5,164) 

Pixels  In  target  490 


Image  Data: 

Si  ze 
Mean 

Standard  Deviation 
Min  Value,  Max  Value 


115x355 
123.61 
5.81 
102,  255 


Remarks : 

The  algorithm  identified  three  ridges  among  the  very  high  points. 
One  was  fairly  large. 

The  algorithm  identified  4  ridges  and  two  mesas  among  the  high 
points.  Three  of  the  ridges  were  very  long.  The  runway  was  partly 
formed  from  the  larger  mesa  and  two  of  the  very  long  ridges. 


RWY23222 

Range  Data: 

Distance  to  target 
Altitude 
Centroid 
Height,  width 
Pixels  in  target 


12,544 
3,220 
(53,150) 
(27,299) 
1  ,020 


Image  Data: 

Size 

Mean 

Standard  Deviation 
Min  Value,  Max  Value 


115x355 
135.92 
9.55 
107,  181 


Remarks : 

The  algorithm  labeled  4  ridges  and  one  small  peak  among  the  very 
high  points. 

The  algorithm  labeled  11  ridges  among  the  high  points.  Three  of 
these  ridges  were  very  long  and  one  was  a  large  ridge-peak  system. 
The  runway  was  clearly  delineated  by  two  of  the  very  long  ridges. 


RWY23229 

Range  Data: 

Distance  to  target 
Altitude 
Centroid 
Height,  width 
Pixels  in  target 


5,763 

3,220 

(29,180) 

(58,360) 

6,918 


Image  Data: 

Si  ze 
Mean 

Standard  Deviation 
Min  Value,  Max  Value 


115x355 
145.38 
15.94 
102,  199 


Remarks  : 

The  algorithm  labeled  one  small  ridge  and  one  small  mesa  among  the 
very  high  points. 

The  algorithm  identified  only  one  component  among  the  high 
points.  This  component  was  a  massive  ridge-peak  system  containing 


9879  pixels.  This  ridge-peak  system  clearly  formed  the  runway. 
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RWY23311 

Range  Data: 


Distance  to  target 

18,029 

Altitude 

2,970 

Centroid 

(64,177) 

Height,  width 

(43,12) 

Pixels  In  target 

407 

Image  Data: 

Size 

115x355 

Mean 

134.48 

Standard  Deviation 

5.98 

Min  Value,  Max  Value 

106,  172 

Remarks : 

The  algorithm  identified  4  small  ridges,  one  small 

peak , 

small  mesa  among  the  very 

high  points. 

The  algorithm  Identified  one  massive  ridge-peak  system, 

and  two  small  mesas  among 

the  high  points.  While  a 

sma  1 1 

displayed  at  the  centroid. 

the  runway  was  not  clearly 

vlsibl 

RWY2331 7 

Range  Data: 

Distance  to  target 

10,414 

Altitude 

2,970 

Centroid 

(71,170) 

Height,  width 

(99,19) 

Pixels  In  target 

1,284 

Image  Data: 

Si  ze 

115x355 

Mean 

139.16 

Standard  Deviation 

8.57 

Min  Value,  Max  Value 

112,  171 

ridges , 


Remarks : 

The  algorithm  Identified  three  ridges  and  a  small  mesa  among  the 
very  high  points.  One  of  the  ridges  was  long. 

The  algorithm  identified  one  large  ridge-peak  system,  three 
ridges,  and  5  mesas  among  the  high  points.  One  of  the  ridges  was 
long  and  narrow.  Even  though  this  long  ridge  was  far  from  the 
centroid  (71,170)  of  the  target,  it  seemed  to  be  a  part  of  the 
runway.  A  somewhat  larger  but  less  elongated  ridge  appeared  at  the 
centroid . 


81  -97 


I 


J 


RWY23322 

Range  Oata: 


Distance  to  target 

5.142 

Al t i tude 

2,970 

Centroid 

(62,170) 

Height,  width 

(116,20) 

Pixels  in  target 

2,146 

lage  Data: 

Size 

115x355 

Mean 

143.14 

Standard  Deviation 

11.44 

Min  .alue.  Max  Value 

111  ,  187 

Remarks : 

The  algorithm  identified  6  ridges  and  two  medium-sized  mesas  among 
the  very  high  points.  One  ridge  was  long  and  one  was  very  long. 

The  algorithm  Identified  one  massive  ridge-peak  system  and  one 
long  ridge  among  the  high  points.  The  ridge-peak  system  clearly 
contained  the  runway.  The  runway  seemed  to  have  three  parallel 
landing  strips,  which  cut  across  the  middle  of  the  image.  The  Hough 
Transform  Indicated  these  different  directions. 


RWY23703 

Range  Data: 

Distance  to  target 
A 1 1 1 tude 
Centroid 
Height,  width 
Pixels  in  target 

Image  Data: 

51  ze 
Mean 

Standard  Deviation 
Min  Value,  Max  Value 


32.568 

2,460 

(58,166) 

(19,100) 

316 


115x355 
114.71 
10.00 
81  ,  159 


Remarks : 

The  algorithm  indicated  one  small  mesa  among  the  very  high 
points.  The  other  two  components,  both  unlabeled,  were  near  the 
boundary  of  the  image,  where  our  methods  frequently  fall. 

The  algorithm  identified  6  ridges  and  two  mesas  among  the  high 
points.  A  very  long  narrow  ridge  was  colinear  with  another  long 
ridge  at  the  centroid  of  the  target.  More  than  likely  these 
components  formed  part  of  the  runway. 


81  -98 


RWY2371 5 

Range  Data: 

Distance  to  target  21,023 

Altitude  2,460 

Centroid  (75,289) 

Height,  width  (90,50) 

Pixels  In  target  1,395 

Image  Data: 

Mean  136.49 

Standard  Deviation  10.14 

Min  Value,  Max  Value  98,  183 


Remarks : 

The  algorithm  Identified  two  small  peaks,  one  small  ridge,  and  one 
large  mesa  among  the  components  of  the  very  high  points.  The  mesa 
Is  at  the  centroid  of  the  target. 

The  algorithm  Identified  one  large  ridge-peak  system  and  three 
ridges  among  the  high  points.  The  ridge-peak  system  was  located  at 
the  centroid  of  the  target.  The  Hough  Transform  Indicated  several 
of  the  straight-line  directions  In  the  landing  strip. 


RWY23724 

Range  Data: 

Distance  to  target  9,151 

Altitude  2,360 

Centroid  (60,305) 

Height,  width  (720,78) 

Pixels  In  target  2,880 

Image  Data: 

Size  115x355 

Mean  165.10 

Standard  Deviation  15.41 

Min  Value,  Max  Value  114,  228 


Remarks : 

The  algorithm  identified  two  small  peaks,  a  small  ridge,  and  three 
mesas  among  the  very  high  points. 

The  algorithm  Identified  a  large  and  a  medium  sized  ridge-peak 
system,  two  ridges,  and  two  small  mesas  among  the  high  points.  The 
two  ridges,  one  small  and  one  large  (with  4472  pixels),  were  dose 
together  and  clearly  delineated  the  target.  The  Hough  Transform 
very  clearly  Indicated  two  preferred  directions  in  the  target. 


RWY23901 


Range  Data: 

Distance  to  target 

29,737 

Alt i tude 

3,060 

Centroid 

(57,201) 

Height,  width 

(32,277) 

Pixels  in  target 

582 

Image  Data: 

Size 

115x355 

Mean 

130.48 

Standard  Deviation 

9.56 

Min  Value,  Max  Value 

94,  198 

Remarks : 

The  algorithm  Identified  5  small  peaks,  two  small  ridges,  and  one 
medium  sized  mesa  among  the  very  high  points. 

The  algorithm  identified  two  ridge-peak  systems,  8  ridges,  and  two 
mesas  among  the  high  points.  Two  of  the  ridges  were  very  long.  The 
runway  was  pieced  together  from  the  two  ridge-peak  systems  and 
several  of  the  ridges. 


RWY2391 5 


Range  Data: 

Distance  to  target 

16,875 

Al t i tude 

3,060 

Centroid 

(51,180) 

Height,  width 

(21,358) 

Pixels  in  target 

1  ,432 

Image  Data: 

51  ze 

115x355 

Mean 

144.42 

Standard  Deviation 

15.60 

Min  Value,  Max  Value 

62,  255 

Remarks : 

The  algorithm  identified  3  small  peaks  and  4  ridges  among  the  very 
high  points.  None  of  the  peaks  were  particularly  prominant.  Three 
of  the  ridges  were  long  or  very  long  and  fit  together  to  makeup  the 
runway. 

The  algorithm  identified  one  massive  ridge-peak  system,  4  ridges, 
and  one  mesa  among  the  high  points.  The  ridge-peak  system  clearly 
delineated  the  target.  The  Hough  Transform  indicated  several 
preferred  directions. 


RWY23930 

Range  Data: 

Distance  to  target 
Altitude 
Centroid 
Height,  width 
Pixels  In  target 

Image  Data: 

SI  ze 


3,357 

3,060 

(52,180) 

(82,358) 

10,203 


115x355 


Mean  190.75 

Standard  Deviation  30.13 

Min  Value,  Max  Value  113,  255 


Remarks : 

The  algorithm  Identified  two  medium  sized  peaks  and  two  ridges 
among  the  very  high  points.  The  peaks  were  very  prominant  and 

appeared  much  higher  than  any  other  pixels  In  the  Image.  The  ridges 

were  fragments  of  the  runway. 

The  algorithm  Identified  two  ridge-peak  systems,  4  ridges,  and  a 

small  mesa  among  the  high  points.  These  components  made  up  about 

65%  of  the  target.  (Note  that  there  were  10,203  pixels  in  the 
target . ) 

RWY24024 

Range  Data: 

Distance  to  target  16,244 

Altitude  3,060 

Centroid  (60,198) 

Height,  width  (104,323) 

Pixels  in  target  1 ,909 


Image  Data: 

Size  115x355 

Mean  172.36 

Standard  Deviation  17.30 

Min  Value,  Max  Value  123,  244 

Remarks  : 

The  algorithm  Identified  two  small  peaks,  one  medium-sized  crest, 
and  13  ridges  among  the  very  high  points.  Five  of  the  ridges  were 
very  long.  This  Image  was  unusual  because  the  13  ridges  and  crest 
almost  fit  together  to  form  the  runway. 

The  algorithm  Identified  one  massive  ridge-peak  system,  one  small 
ridge,  one  small  peak,  and  one  small  mesa  among  the  high  points. 
The  runway  was  clearly  displayed  in  the  ridge-peak  system.  The 
Hough  Transform  Indicated  several  preferred  directions. 


81  -101 


RWY24030 

Range  Data: 

Distance  to  target 

10,897 

Altitude 

3,060 

Centroid 

(61 ,174) 

Height,  width 

(119,346) 

Pixels  in  target 

3,489 

Image  Data: 

Size 

115x355 

Mean 

163.28 

Standard  Deviation 

22.01 

Min  Value,  Max  Value 

125,  236 

Rema rks : 

The  algorithm  identified  three  small  peaks  and  5  small  ridges 
among  the  very  high  points. 

The  algorithm  identified  one  massive  ridge-peak  system  and  one 
small  ridge  among  the  high  points.  The  ridge-peak  system  contained 
6,870  pixels  and  clearly  represented  the  runway. 


RWY24035 

Range  Data: 

Distance  to  target  7,238 

Altitude  3,060 

Centroid  (61,181) 

Height,  width  (119,277) 

Pixels  in  target  3,993 

Image  Data: 

Size  115x355 

Mean  176.56 

Standard  Deviation  29.00 

Min  Value,  Max  Value  120,  255 


Remarks : 

The  algorithm  Identified  one  small  peak  and  7  ridges  among  the 
very  high  points.  All  these  components  were  fragments  of  the  runway 
which  were  to  appear  in  the  next  slice. 

The  algorithm  identified  one  massive  (8580  pixels)  and  one  large 
ridge-peak  system  among  the  high  points.  The  one  massive  component 
by  Itself  clearly  delineated  the  runway.  The  Hough  Transform 
indicated  4  different  lines  appearing  in  the  boundary  of  this 
component . 


RWY2521 7 

Range  Data: 

Distance  to  target 

Altitude  (not  available) 

Centroid 
Height,  width 
Pixels  In  target 

Image  Data: 

Si  ze 
Mean 

Standard  Deviation 
Min  Value,  Max  '.•<■.  1‘ie 

Remarks : 

The  algorithm  Identified  one  small  peak  and  two  ridges  among  the 
very  high  points.  While  the  peak  was  small,  it  was  unusually 
distinct.  One  ridge  was  very  long.  This  long  ridge  clearly 
outlined  the  runway.  The  Hough  Transform  clearly  indicated  the  two 
preferred  directions  of  the  runway. 

The  algorithm  identified  three  ridges,  one  small  peak,  and  one 
small  mesa  among  the  high  points.  The  peak  was  the  same  as  the  one 
mentioned  above.  One  of  the  ridges  was  very  long  and  flat  and 
contained  the  long  ridge  mentioned  above.  The  Hough  Transform 
indicated  several  preferred  directions. 

RWY267 1 3 

Range  Data: 

Distance  to  target 

Altitude  (not  available) 

Centroid 
Height,  width 
Pixels  in  target 

Image  Data: 

Size  115x355 

Mean  139.90 

Standard  Deviation  10.54 

Min  Value,  Max  Value  116,  193 

Rema rks : 

The  algorithm  identified  two  small  peaks  and  one  very  long  ridge 
among  the  very  high  points.  The  ridge  clearly  delineated  the 
runway.  The  Hough  Transform  indicated  the  two  preferred 
directions  of  the  runway. 

The  algorithm  identified  one  large  ridge-peak  system,  two  ridges, 
and  two  small  mesas  among  the  high  points.  The  runway  was 
contained  in  the  ridge-peax  system.  The  shape  of  the  runway  was 
not  as  well  represented  by  this  ridge-peak  system  as  it  was  by  the 
long  ridge  mentioned  above. 


115x355 
155.37 
13.68 
129,  213 


RWY63903 

Range  Data: 

Distance  to  target 

Altitude  (available) 

Centroid 
Height,  width 
Pixels  in  target 

Image  Data: 

Size 
Mean 

Standard  Deviation 
Min  Value,  Max  Value 

Remarks : 

The  algorithm  identified  three  peaks  and  5  ridges  among  the  very 
high  points.  One  peak  was  medium  sized  and  was  very  prominant  since 
almost  one  third  of  its  pixels  were  at  least  three  standard 
deviations  above  the  mean.  Two  of  the  ridges  were  very  long. 

The  algorithm  identified  one  massive  ridge-peak  system  and  one 
long  ridge  among  the  high  points.  The  runway  was  clearly  contained 
in  the  ridge-peak  system.  The  Hough  Transform  indicated  two  of  the 
three  preferred  directions. 


115x355 
127.56 
28.42 
14,  243 


Bridge  -  DBRG20123 


Image  Data: 


Distance  of  sensor  to  target:  . 8,760  Feet 

Dimensions  of  image:  . 120  x  360 

Dimensions  of  smallest  rectangle 

containing  target:  . 6  x  23 

Number  of  pixels  in  target:  . 67 

Mean  of  image:  . 107.03 

Standard  deviation  of  image:  . 41.02 


Output  of  Second  Segmentation: 

The  labeled  regions  include  one  large  mesa,  one  small  ridge,  one  long 
ridge,  and  one  large  ridge-peak  system.  The  very  long  ridge  has  26%  of 
its  pixels  identified  as  ridge  points. 

Target  Grade:  . Good 


Bridge  -  DBRG20616 


Image  Data: 


Distance  of  sensor  to  target:  . 18,330  Feet 

Dimensions  of  Image:  . 120  x  360 

Dimensions  of  smallest  rectangle 

containing  target:  . 2  x  63 

Number  of  pixels  in  target:  . . . 126 

Mean  of  image:  . 107.45 

Standard  deviation  of  image:  . 28.08 


Output  of  Second  Segmentation: 

The  image  contains  four  ridges.  One  ridge  is  very  long,  one  is 
massive  and  flat,  and  two  are  small.  The  massive  ridge  represents  the 
land.  The  two  smaller  ridges  are  distinctive  because  27%  and  39%  of 
their  pixels,  respecti vely ,  are  identified  as  ridge  points.  The  road  to 
the  bridge  is  represented  by  one  of  the  small  ridges. 


Target  Grade: 


Good 
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Bridge  -  DBRG23429 


Image  Data: 

Distance  of  sensor  to  target:  . 4,564  Feet 

Dimensions  of  image:  . 120  x  360 

Dimensions  of  smallest  rectangle 

containing  target:  . 57  X  8 

Number  of  pixels  In  target:  . 342 

Mean  of  image:  . 141.42 

Standard  deviation  of  image:  . 19.35 

Output  of  Second  Segmentation: 

The  image  contains  three  ridges  and  four  mesas.  Two  of  the  mesas 
are  medium  sized  and  one  ridge  is  long.  The  ridge  contains  730  pixels 
and  contains  the  target.  The  mesas  represent  the  land.  The  long  ridge 
represents  the  island  near  the  bridge. 

Target  Grade:  . Very  Good 
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Bridge  -  DBRG27210 


Image  Data: 


Distance  of  sensor  to  target:  . 5,915  Feet 

Dimensions  of  Image:  . 120  x  360 

Dimensions  of  smallest  rectangle 

containing  target:  . 44  x  360 

Number  of  pixels  In  target:  . 1,000 

Mean  of  Image:  . 133.38 

Standard  deviation  of  Image:  . 4.34 


Output  of  Second  Segmentation: 

The  Image  contains  two  small  mesas  and  one  very  long  ridge.  The 
ridge  Is  very  distinctive  with  59%  of  its  1,446  pixels  Identified  as 
ridge  points. 

Target  Grade:  . Very  Good 
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Bridge  -  DBRG27521 


Image  Data: 


Distance  of  sensor  to  target:  . 1  5,855  Feet 

Dimensions  of  Image:  . 120  x  360 

Dimensions  of  smallest  rectangle 

containing  target:  . 51  x  15 

Number  of  pixels  In  target:  . 211 

Mean  of  Image:  . 142.58 

Standard  deviation  of  Image:  . 4.45 


Output  of  Second  Segmentation: 

The  Image  contains  four  ridges  and  one  large  mesa  among  the  very 
high  points.  Two  of  the  ridges  are  flat.  The  mesa  represents  a  portion 
of  the  land.  The  target  Is  represented  by  two  small  ridges  which  have  a 
total  of  280  pixels.  These  ridges  have  a  total  of  63%  and  67%  ridge 
points  respectively. 


Target  Grade: 


Very  Good 


Building  -  DBLD22301 


Image  Data: 

Distance  of  sensor  to  target:  . 22,697  Feet 

Dimensions  of  image:  . 120  x  360 

Dimensions  of  smallest  rectangle 

containing  target:  . 6  x  23 

Number  of  pixels  In  target:  . 123 

Mean  of  Image:  . 122.14 

Standard  deviation  of  Image:  . . . 26.53 

Output  of  First  Segmentation: 

The  Image  contains  two  small  peaks  and  four  very  small  peaks.  One 
of  these  peaks  together  with  another  unlabeled  component  form  the  target. 
(The  confidence  factor  of  this  unlabeled  component  lacks  .01  of  the 
threshold  for  declaring  It  to  be  a  peak.)  The  total  number  of  pixels  in 
these  two  components  Is  one  hundred  eleven  (111). 

Target  Grade:  . excellent 
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Building  -  DBLD22310 


Image  Data: 


Distance  of  sensor  to  target:  . 18,990  feet 

Dimensions  of  Image:  . 120  x  360 

Dimensions  of  smallest  rectangle 

containing  target:  . 9  x  33 

Number  of  pixels  in  target:  . 233 

Mean  of  image:  . 139.94 

Standard  deviation  of  image:  . 24.11 

Output  of  First  Segmentation: 

The  image  contains  fourteen  peaks.  One  of  these  peaks  is 
medium-sized,  while  the  remainder  are  small  or  very  small.  The  component 
representing  the  target  has  390  pixels.  This  component  is  almost  labeled 
a  ridge. 

Target  Grade:  . Good 


Building  -  DBLD22403 


Image  Data: 


Distance  of  sensor  to  target:  .  31,033  Teet 

Dimensions  of  Image:  .  1  20  x  360 

Dimensions  of  smallest  rectangle 

containing  target:  . 3  x  7 

Number  of  pixels  In  target:  . 17 

Mean  of  Image:  . 163.97 

Standard  deviation  of  Image:  . 30.9? 

Output  of  First  Segmentation: 

The  Image  contains  six  very  small  peaks.  The  target  Is  almost 
exactly  represented  by  a  peak  containing  fourteen  pixels.  This  peak  has 


one  close  neighbor.  The  most  prominent  peaks  do  not  represent  the  target. 


Target  Grade: 


Excel  lent 


Building  -  DBLD22410 


Image  Data: 


Distance  of  sensor  to  target:  . 21,236  Feet 

Dimensions  of  Image:  .  120  x  360 

Dimensions  of  smallest  rectangle 

containing  target:  . 4  x  11 

Number  of  pixels  In  target:  . 38 

Mean  of  image:  . 126.63 

Standard  deviation  of  Image:  . 22.20 

Output  of  First  Segmentation: 

The  image  contains  15  peaks  and  one  small  ridge.  The  target  is 


almost  exactly  represented  by  a  peak  containing  35  pixels.  There  is  a 
cluster  of  three  small  peaks  at  the  target. 


Target  Grade: 


Lxcel lent 


Building  -  DBLD24316 


Image  Data: 


Distance  of  sensor  to  target:  . 1  5,308  Feet 

Dimensions  of  image:  . 120  x  360 

Dimensions  of  smallest  rectangle 

containing  target:  . 6  x  14 

Number  of  pixels  in  target:  . 61 

Mean  of  image:  . 136.27 

Standard  deviation  of  image:  . 11.58 


Output  of  First  Segmentation: 

The  image  contains  seventeen  small  and  very  small  peaks,  one  small 
mesa,  and  two  ridges  among  the  very  high  points.  One  ridge  is  very 
long.  The  target  represented  by  two  small  peaks  which  contain  thirty-one 
(31)  and  thirty  four  (34)  pixels  respectively.  While  there  are  many 
peaks,  this  pair  is  the  most  prominent. 


Target  Grade: 


Cxcel lent 


Building  -  DBLD24321 


Image  Data: 

Distance  of  sensor  to  target:  . 10,336  feet 

Dimensions  of  Image:  . 120  x  360 

Dimensions  of  smallest  rectangle 

containing  target:  . 7  x  25 

Number  of  pixels  In  target:  . 127 

Mean  of  image:  . 142.03 

Standard  deviation  of  Image:  . 12.70 


Output  of  First  Segmentation: 

The  image  contains  eleven  small  and  very  small  peaks.  A  cluster  of 
two  small  peaks  with  a  total  of  134  pixels  are  at  the  centroid  of  the 
target.  One  of  these  peaks  Is  the  highest  in  the  image. 

Target  Grade:  . Excellent 
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Building  -  DBLD24715 


Image  Data: 


Distance  of  sensor  to  target:  . . . 16,603  feet 

Dimensions  of  Image:  . 120  x  360 

Dimensions  of  smallest  rectangle 

containing  target:  . 6  x  16 

Number  of  pixels  in  target:  . 72 

Mean  of  image:  . 117.62 

Standard  deviation  of  image:  . 13.03 


Output  of  First  Segmentation: 

The  image  contains  fourteen  small  and  very  small  peaks  as  well  as 
two  ridges.  A  moderately  prominent  small  peak  with  seventy  nine  (79) 
pixels  is  located  at  the  target.  Two  small  peaks  are  near  the  target. 

Target  Grade:  . excellent 
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Petroleum  Tank  -  DP0126311 


Image  Data: 

Distance  of  sensor  to  target:  . 10,976  feet 

Dimensions  of  image:  . 120  x  360 

Number  of  targets:  . 1 

Mean  of  image:  . 130.32 

Standard  deviation  of  image:  . 13.15 


Output  of  First  Segmentation: 

The  image  contains  two  small  peaks  and  one  very  long  ridge  among  the 
very  high  points.  The  ridge  has  21%  of  its  pixels  identified  as  ridge 
points  and  75%  of  its  pixels  identified  as  flat  points.  A  small  peak  is 
identified  at  the  centroid  of  the  target. 

Output  of  Second  Segmentat ion : 

A  massive  ridge-peak  system  with  63%  of  its  5,500  pixels  identified 
as  flat  points  contains  the  target.  The  target  contains  1,557  pixels. 

Target  Grade:  . Very  Good 
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Petroleum  Tank  -  DPOL26421 


Image  Data: 

Distance  of  sensor  to  target:  . 17,194  Feet 

Dimensions  of  image:  . 120  x  360 

Number  of  targets:  . 5 

Mean  of  image:  . 95.65 

Standard  deviation  of  image:  . 13.71 


Output  of  First  Segmentation: 

The  image  contains  five  peaks.  Three  of  the  peaks  are  small,  one  is 
very  small,  and  one  is  medium-sized.  A  small  peak  is  located  at  targets 
two  and  three.  A  second  small  peak  is  located  at  target  four. 

Output  of  Second  Segmentation: 

The  image  contains  three  ridges,  one  large  mesa,  and  one  large 
ridge-peak  system  among  the  high  points.  A  long  ridge  with  84%  of  its 
125  pixels  identified  as  ridge  points  is  located  at  target  one.  A  large 
ridge-peak  system  contains  the  others. 


Target  Grade: 


Very  Good 


Runway  -  DRWY22101 


Image  Data: 

Distance  of  sensor  to  target:  . 1  7,969  Feet 

Dimensions  of  image:  . 120  x  360 

Dimensi  ns  of  smallest  rectangle 

containing  target:  . 18  x  322 

Number  of  pixels  in  target:  . 985 

Mean  of  image:  . 160. 74 

Standard  deviation  of  image:  . 14.64 

Output  of  Second  Segmentation: 

The  algorithm  labeled  eight  ridges,  one  peak,  and  one  mesa.  One 
ridge  was  massive  and  two  were  very  long.  The  runway  was  clearly 
delinated  as  the  massive  ridge. 

Target  Grade:  . Very  Good 
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Runway  -  DRWY23915 


Image  Data: 


Distance  of  sensor  to  target:  . 1  6,875  feet 

Dimensions  of  Image:  . 120  x  360 

Dimensions  of  smallest  rectangle 

containing  target:  . 21  x  358 

Number  of  pixels  In  target:  . 1,432 

Mean  of  Image:  . 144.42 

Standard  deviation  of  Image:  . 15.60 


Output  of  Second  Segmentation: 

The  algorithm  Identified  one  massive  ridge-peak  system,  four  ridges 
and  one  mesa.  The  ridge-peak  system  clearly  delineated  the  runway.  Th 
Hough  transform  Indicated  several  preferred  directions. 

Target  Grade:  . . Very  Good 
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ABSTRACT 


A  simple  mathematical  model  for  calculating  the  estimated  radiation 
dose  of  an  aircrew  in  an  aircraft  flying  through  a  debris  cloud  from  a 
single  nuclear  detonation  was  developed.  This  work  has  been  reported  by 
presentation,  governmental  report  and  has  been  presented  for  journal 
publication.  Work  was  begun  on  creating  a  computer  model  for  the  growth  of 
clouds  from  nuclear  multiburst. 


yy 


I.  INTRODUCTION 


My  research  background  involves  much  work  on  the  study  of  wave  motions 
in  the  upper  atmosphere.  Experimental  data  on  winds,  pressure,  density  and 
temperature  variations  in  the  atmosphere  around  100  kilometers  were 
obtained  from  artificial  clouds  put  into  the  atmosphere  with  rockets. 

These  data  were  analyzed  to  discover  the  systematic  wave  motions  in  each  of 
the  variables. 

Other  research  work  involving  the  creation  of  a  worldwide  computer 
model  of  the  atmosphere  depicting  representati ve  values  of  winds,  pressure, 
density,  temperature,  and  their  variations  for  any  latitude,  longitude,  day 
of  year,  time  of  day  and  any  height  from  surface  up  to  about  200  kilometers 
was  performed  in  the  mid-1970's.  This  work  was  done  for  NASA  in  connection 
with  the  Space  Shuttle  program.  It  resulted  in  a  computer  model  named 
GRAMS  Which  is  Still  being  used. 

The  most  recent  work  was  done  through  the  Summer  Faculty  Research 
Program  with  Brooks  AFB  during  1985.  The  Air  Force  was  interested  in 
modeling  the  clouds  of  nuclear  bursts  in  the  atmosphere  for  the  purpose  of 


studying  radiation  doses  of  objects  penetrating  the  clouds.  Continuation 
of  this  work  led  to  the  oresent  study. 


II.  OBJECTIVE  OF  THE  RESEARCH  EFFORT 


The  objectives  of  the  present  research  were: 

1.  Continue  reporting  the  results  of  work  on  the 
radiation  doses  of  aircrews  from  flying  through 
nuclear  debris  clouds  from  single  nuclear  bursts. 

2.  Develop  a  computer  model  for  nuclear  debris  clouds 
arising  from  the  simultaneous  bursting  of  many  densely 
spaced  nuclear  detonations. 
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III.  PROCEDURE 
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Objective  one  required  a  close  working  association  with  Lt.  Peter 
Vanden  Bosch  of  Brooks  AFB  to  complete  the  work  which  was  begun  in  the 
Summer  of  1985.  After  work  was  completed,  the  results  were  to  be  reported 
both  orally  and  by  journal  publication. 

The  procedure  for  fulfilling  objective  two  involved  transferrinq  a 
computer  program  known  as  "CASSIE"  simulating  the  growth  of  a  single 
nuclear  cloud  from  the  Brooks  AFB  computer  to  the  computer  at  Georgia 
Southern  College.  Then  by  using  this  model  as  a  basis,  one  would  develop  a 
new  model  for  calculating  the  cloud  growth  of  a  multiburst  and  check  Us 
appi icabi 1 i ty. 


IV.  RESULTS 


The  wo r<  for  objective  one  was  completed  with  very  good  results.  Tne 
research  was  successfully  accomplished  by  Fall  of  1985.  A  presentation  was 
made  to  the  weapons  Research  Lab,  Kirkland  AFB,  Albuqueraue,  New  Mexico, 
during  Fall  of  1985.  The  results  were  well  received.  In  addition,  a 
Technical  Report  displaying  the  research  and  results  was  developed  and  was 
published  by  Brooks  AFB  in  April,  1986.  This  technical  report  is  included 
as  Appendix  I.  Furthermore,  this  research  work  is  being  presented  to  the 
Journal  of  Geophysical  Research  for  publication.  This  preparation  is 
included  as  Appendix  II. 

The  work  for  objective  two  was  partially  completed  before  time 
expired.  The  computer  proqram  for  calculating  nuclear  cloud  qrowtn  was 
very  ’onq  and  comolicated.  Although  the  source  tape  from  the  A->r  Force  was 
f-'cm  a  C DC  330  computer  and  the  computer  at  Georqia  Southern  Col  leap  was 
also  a  CDC  830,  there  were  still  serious  i ncompat i b i 1 i ty  problems.  Tnese 
oroblems  were  overcome  but  there  was  little  time  to  check  any  mj’tiburst. 


theor i es . 


V.  RECOMMENDATIONS 


Tne  wo^k  for  objective  one  was  completed  and  a  useable  rea’  time 
method  for  >-  a  p  •  d '  /  calculating  the  ra<j:ation  doses  of  ai-'crews  flym 

through  nuclear  debris  clouds  was  developed.  However,  the  development  o 
a  computer  model  of  the  nuclear  deDris  cloud  originating  from  multibursts 
needs  much  more  work.  It  is  a  very  complicated  problem  but  can  probably 
acconp! ’ shed  by  thermodynamic  considerations  as  opposed  to  hydrodynamic 
tecnn  i  dues . 
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RADIATION  DOSES  FROM  FLYING 
THROUGH  NUCLEAR  DEBRIS  CLOUDS 


INTRODUCTION 

Estimates  of  radiation  doses  to  aircrews  flying  through  nuclear  debris 
clouds  are  of  critical  interest  to  USAF  mission  planners.  The  probability 
of  such  an  event  occurring  is  high  following  a  nuclear  attack.  Since  real  data 
are  lacking,  prediction  must  depend  upon  mathematical  modeling  of  the  cloud 
environment  and  flythrough. 

Taboada  et  al.  (1)  recently  developed  a  computer  model  which  predicts  doses 
from  flythroughs.  The  model,  which  will  be  called  CASSIE  in  this  report,  is 
based  upon  the  dust  environment  model  CASSANDRA  (2),  which  in  turn  uses  the 
benchmark  DELFIC  (3)  code  as  the  basis  of  its  cloud  rise  and  fallout  dynamics. 
The  CASSIE  model  is  user  friendly;  it  supplies  default  values  and  descriptions 
of  parameters  when  requested  and  has  ail  the  input  flexibilities  of  tne  DELFIC 
and  CASSANDRA  codes. 

The  CASSIE  model  uses  the  CASSANDRA  code  to  calculate  the  dust  density  at 
various  points  along  the  trajectory  of  3n  aircraft  flying  through  a  nuclear 
debris  cloud.  A  gamma- radiation  dose  rate  is  calculated  from  the  dust  densities 
and  integrated  over  time  to  obtain  the  total  radiation  dose  that  an  aircrew 
would  experience. 

The  total  radiation  dose  is  assumed  to  originate  from  2  sources:  (1)  the 
immersion  radiation  dose,  which  is  a  result  of  the  aircraft  being  immersed  in  a 
radioactive  cloud,  and  (2)  the  onboard  radiation  dose,  which  results  from  radia¬ 
tion  exposure  of  the  aircrews  to  dust  particles  trapped  inside  the  aircraft 
cabin  and  filtering  system.  The  immersion  rate  exists  only  while  the  aircraft 
is  Inside  the  radioactive  debris  cloud,  whereas  the  onboard  radiation  is  a  con¬ 
tinuing  hazard. 

The  purpose  of  this  report  i3  to  use  the  CASSIE  model  to  calculate  the 
radiation  doses  to  a ircrewmerabers  for  various  conditions  of  flythrough.  Due  to 
the  long  program  running  time,  the  model  would  have  little  use  in  an  operational 
setting.  The  intent  of  this  report  is  to  supply  results  of  the  model  in  a  form 
which  will  allow  planners  to  estimate  in  advance  realistic  and  worst  case  doses 
for  flythrough  scenarios. 


FLYTHROUGH  MODEL 

CASSIE  provides  for  changing  flight  and  aircraft  parameters  easily.  A 
•j-enario  is  needed  which  will  allow  an  analysis  of  radiation  dose  dependence  on 
'  •  • . / h t  of  flythrough,  time  of  flight,  and  detonation  yield.  For  the  purposes  of 
•  •  .  t  -eport,  the  following  flight  scenario  was  used. 

li'-craft  flies  from  a  point  ho  km  (24  ml)  from  ground  zero  on  one  side 

oition  to  40  km  on  the  opposite  side,  passing  directly  over  ground 

r.  duration  is  500  s,  which  corresponds  to  a  velocity  of  111 

v  •  H  13  maintained  throughout  the  flight  and  the  aircraft  passes 


ever  ground  zero  at  t  seconds  after  detonation.  This  path  is  expressed  ir.  tr.e 
form  '  -4C  km ,  0,  H,  t-250)  -  (40  km,  0,  H,  t+250). 

The  aircraft  parameters  are  chosen  to  resemble  those  of  a  KC-135  aircraft. 
The  model  approximates  the  cabin  as  a  cylinder,  chosen  to  be  32.05  m  (107  ft)  ir. 
length  and  2.74  m  (9  ft)  in  radius.  The  filtration  system  is  arbitrarily  chosen 
to  allow  50?  of  the  dust  particles  taken  onboard  to  enter  the  cabin,  with  the 
remainder  staving  on  the  filter.  Once  aboard,  the  dust  particles  do  not  exit. 
The  distance  from  the  crewmembers  to  the  filter  's  arbitrarily  chosen  to  be  250 
cm  (100  in.).  The  air-mass  flow  into  the  aircraft  is  67.5  kg/min  (150  lb/min). 
The  dose  received  by  •  aircrewmembers  will  be  dependent  on  the  choice  of  these 
parameters,  which  are  discussed  in  Appendix  A.  If  cloud  penetration  is  unavoid¬ 
able,  Figure  3  shows  that  it  is  most  advantageous  to  fly  through  as  high  in  the 
cloud  as  possible.  This  will  allow  the  aircraft  to  be  exposed  to  the  lowest 
possible  dose  within  the  cloud.  A  flythrough  beneath  the  cloud  may  result  in  a 
lower  dose,  but  there  is  the  danger  of  the  aircraft  encountering  large  parti¬ 
cles. 


CLOUD  DIMENSIONS 

The  size  of  the  nuclear  debris  cloud  depends  on  a  number  of  factors.  The 
parameters  used  m  tr.e  analysis  include: 

(1)  A  surface  burst,  with  50?  of  the  available  energy  expended  in  fission. 

(2)  Ground  zero  at  670  m  (2211  ft)  above  mean  sea  level. 

(3)  No  wind. 

( 4 )  Soil  type  is  siliceous. 

The  debris  cloud  is  modeled  throughout  its  creation,  expansion,  and  cool¬ 
ing.  At  some  point  the  model  considers  the  turbulence,  upward  rise,  and  expan¬ 
sion  to  be  negligible  and  stabilizes  the  cloud  dimensions  at  current  values. 
These  calculations  are  reported  in  Table  1  and  the  cloud  dimensions  are  shown 
in  Figures  1  and  2.  Stabilization  is  relative;  in  actuality,  the  cloud  will 
continue  to  grow  slowly  as  a  result  of  buoyancy,  turbulence,  and  wind  patterns. 


TABLE  1.  CLOUT?  DIMENSION  DATA  AT  STABILIZATION 


field  (MT) 

Stab . 
Tlme(s) 

Cloud 
Base (m) 

Cloud 

Top 

Cloud 

Radius 

0.003 

312 

3700 

5200 

1  100 

0.01 

423 

5  300 

7400 

1300 

0.03 

661 

6700 

10500 

2900 

0.1 

611 

8400 

1  2400 

5400 

0.3 

720 

9500 

1  4900 

8500 

1  . 

703 

1  1  300 

18000 

1  3800 

n 

j  • 

705 

13500 

22000 

20300 

i  r, 

787 

1  7700 

29000 

31000 

30  . 

852 

21000 

37200 

52400 

These  calculations  are  based  on  the  DELFIC  and  CASSANDRA  portions  of  tr.e 
model.  The  cloud  top  and  bottom  heights  agree  well  with  values  reported  by 
Glasstone  and  Dolan  (4).  Cloud  radii  appear  to  be  larger  by  as  much  as  a  factor 
of  1.4  than  those  reported.  Part  of  the  disagreement  may  be  explained  by  the 
ambiguous  nature  of  the  cloud  dimensions.  Part  may  be  explained  by  the  fact 
that  DELrIC  was  intended  as  a  ground  fallout  code,  and  ground  fallout  is  rela¬ 
tively  insensitive  to  cloud  radius  or  base  height  choices  (7).  This  is  a  draw¬ 
back  since  flythrough  dose  is  approximately  inversely  proportional  to  cloud 
radius  in  this  model. 


DUST  CLOUD  CHARACTERISTICS 

In  the  model,  the  mass  of  soil  entrained  by  the  burst  is  dependent  on  the 
height  of  burst  above  ground,  type  of  soil,  and  explosive  yield.  A  log-normal 
distribution  of  particle  sizes  is  assumed,  and  the  dust  is  partitioned  Into  100 
size  classes.  At  initial  time  the  soil  burden  is  distributed  uniformly  through¬ 
out  '  the  cloud.  As  the  cloud  grows  with  time,  the  soil  debris  will  be  lofted 
with  the  cloud  at  a  rate  dependent  on  particle  size.  The  gamma- radiation  rate 
at  each  point  in  the  cloud  is  proportional  to  the  dust  mass  concentration  at 
that  point.  The  latter  assumption  is  considered  in  detail  in  Appendix  B  . 

One  way  of  looking  at  the  vertical  distribution  of  dust  is  to  conduct  fly- 
tr.rcughs  at  various  heights.  Figure  2  shows  the  dependence  of  total  dose  accu¬ 
mulated  during  the  flythrough  scenario  as  height  is  varied  for  3  different 
times.  For  T-500  3  the  flythrough  starts  250  s  and  ends  750  s  after  burst.  The 
aircraft  passes  through  the  entire  cloud  (radius  -  13.8  km  (3.4  mi);  before 
stabilization  is  reached  at  783  s  (Table  1).  The  dose  is  nearly  constant  for 
fiythroughs  passing  through  the  cloud.  As  the  aircraft  flies  at  heights  lower 
than  the  cloud  base,  the  dose  received  is  relatively  much  lower;  only  large 
particles  have  fallen  out  to  those  levels.  At  later  times,  the  dust  activity 
nas  decayed  as  well  as  fallen.  The  dose  received  during  flights  below  the  cloud 
base  Is  relatively  more  substantial. 

The  flythrough  at  the  cloud  base  receives  the  largest  dose.  Ir.  tr.e  follow¬ 
ing  analyses,  this  will  be  considered  as  the  worst  case  scenario. 

DOSE  AT  THE  END  OF  FLYTHROUGH 

The  dose  from  a  flythrough  is  strongly  dependent  on  the  time  of  flythrough 
and  the  yield  of  the  detonation.  Figure  4  shows  the  dose  accumulated  by  the  end 
of  the  flythrough  at  the  cloud  base  vs.  yield  at  1000  s.  Although  the  data  on 
this  graph  (Fig.  4)  do  not  all  lie  on  a  straight  line,  the  data  with  yields 
greater  than  0.1  MT  strongly  suggest  a  power  relationship . 

Figure  5  shows  the  dependence  of  dose  at  the  end  of  flythrough  on  time  of 
flythrough.  The  time  plotted  is  the  time  after  detonation  that  the  aircraft 
passes  over  ground  zero.  Regression  lines  to  these  data  are  also  shown.  The 
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Figure  3.  Dose  va.  height  for  a  1  MT  yield  flythrough. 
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Figure  5.  Dose  vs.  time  for  a  10  W  yield. 

Fly  through  (-40km,  0,  H,  t-250)-(nOkn,  0,  H,  t<-250) 


regression  fit  to  the  flythrough  at  an  altitude  of  2  km  (1.2  mi)  dees  not  in¬ 
clude  the  data  for  the  four  earliest  times.  The  flythrough  at  19-km  (11.6  mi) 
altitude  represents  a  flight  through  the  base  of  the  cloud  while  the  flythrough 
at  29-km  (17.1  mi)  altitude  is  close  to  the  top  of  the  cloud.  The  power  depend¬ 
ence  of  dose  on  time  is  greater  than  the  t-1*2  (Way-Wigner  (=))  dependence  built 
into  the  model.  This  is  a  result  of  the  dust  "falling  out"  to  lower  levels. 


Figures  6  and  7  3how  the  dependence  of  dose  on  time  for  flythroughs  near 
the  cloud  top  and  bottom,  respectively.  These  graphs  show  that  the  exponent  in 
the  time  dependence  is  nearly  independent  of  yield.  A  multiple  regression  cn 
data  for  times  between  .5  h  and  3  days,  for  yields  above  .1  MT,  and  for  fly¬ 
throughs  near  the  cloud  base  produces  the  approximate  relationship 

Dose  -  2.34  W*48  t  _1 -53  (1  ) 

where  W  is  in  megatons  and  t  is  in  hours.  This  time  dependence  compares  favor¬ 
ably  with  the  t“  dependency  observed  in  actual  flythroughs  (6). 


POST  FLYTHROUGH  DOSE 

The  radiation  from  onboard  sources  is  insignificant  (35  of  immersion  dose) 
while  the  aircraft  is  immersed  in  the  cloud.  However,  since  the  onboard  dust 


particles  are  carried  with  the  aircraft,  the  radiation  from  this  scarce  car, 
become  significant  Cor  extended  missions.  The  gamma-radiation  rate  decays  as: 

R(t)  -  R1  t'1'2  (2) 

where  R(t)  is  the  radiation  dose  rate  in  rad3/hour  at  time  t  hours  after  detona¬ 
tion  and  R1  is  the  dose  rate  constant,  equal  to  the  dose  rate  at  one  hour  after 
detonation  (5).  The  evaluation  of  R1  is  based  on  the  actual  values  of  the  total 
onboard  dose  rates  at  the  corresponding  cloud  exit  times  of  the  aircraft.  The 
calculated  dose  rate  constants  for  trajectories  near  the  cloud  base  and  near  the 
cloud  top  are  given  in  Figures  8  and  9.  A  multiple  regression  fit  to  the  data 
shows  that  the  dose  rate  constant  can  be  approximated  by 

R1  -  1  .44  W55  t  '-33  (3) 

where  W  is  yield  (megatons)  and  t  is  time  (hours)  after  detonation  that  the 
plane  reaches  ground  zero. 

The  total  onboard  radiation  dose  can  be  obtained  by  integrating  equation 
(2)  over  the  total  time  of  the  mission: 


D(t) 


R1  t_1 -2  dt  -  5R1  (t. 


-0.2  _  t  -0.2) 


m 


where  D(t)  is  the  dose  in  rads  for  the  mission  at  time  t  hours  after  detona¬ 


tion  and  ta  is  the  time  after  detonation  that  the  aircraft  exits  the  debris 
cloud. 


Figure  8.  Rate  constant  vs.  time  near  cloud  top. 
Flythrough  (-40  km,  0,  Ht ,  t-250)-(40  km,  0,  Ht ,  t*250). 


1940  19099  190990 


TIXl(SICOIDS) 

Figure  9.  Rate  constant  vs.  time  near  cloud  ba3e. 
Flythrough  (-40  km,  Hb,  t-250)-(40  km,  0,  Hb,  t+250). 


CONCLUSIONS 

The  problem  of  radiation  exposure  to  aircrews  during  or  immediately  after  a 
nuclear  attack  is  critical  for  USAF  mission  planners.  The  best  way  to  reduce 
radiation  exposure  is  for  the  aircraft  to  avoid  the  nuclear  debris  clouds.  How¬ 
ever,  the  size  of  the  cloud  or  the  number  of  clouds  may  preclude  this  option. 

The  CASSIE  model  will  calculate  the  radiation  doses  to  aircrews  flying 
through  the  debris  clouds  from  a  few  seconds  after  detonation  to  time  of  cloud 
disbursement.  However,  the  residual  nuclear  radiation  will  not  be  the  major 
concern  for  early  times.  The  initial  radiation,  thermal  effects,  and  the  prob¬ 
lems  of  flying  through  clouds  of  large  debris  particle  sizes  will  be  the  major 
considerations.  Thus,  the  results  of  this  report  should  not  be  considered  as 
feasible  for  flythrough  times  before  cloud  stabilization. 

Radiation  doses  of  aircrews  flying  through  the  nuclear  debris  clouds  under 
various  conditions  have  been  calculated  by  the  U3e  of  the  CASSIE  model  for  an 
aircraft  moving  with  a  constant  speed  of  about  31  1  knots.  The  radiation  dose 
for  an  aircraft  moving  at  a  different  speed  will  change  in  an  essentially  in¬ 
verse  relationship  with  the  speed  of  the  aircraft.  If  an  aircraft  penetrates 
the  cloud  at  a  slower  speed,  the  aircraft  will  be  exposed  to  the  radiation  for  a 
Longer  time  and  thus,  the  dose  will  increase.  The  adjusted  dose,  D1 ,  is  calcu¬ 
lated  by  the  equation: 

D,  -  (31 1 /v)  D  (5) 
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wnere  v  la  the  actual  3peed  of  tr.e  aircraft  in  knots  ar.d  2  is  tr.e  predate: 
dose  that  tne  aircraft  would  have  nad  if  it  traveled  at  a  steed  of  3:'  mots. 
The  error  introduced  by  this  approximation  is  less  than  65  for  a  range  of  speeds 
of  200  to  700  knots  at  a  flythroug.n  time  of  1  h.  For  later  times  or  for  speeds 
closer  to  311  knots,  this  approximation  is  even  better. 

To  illustrate  the  application  of  the  results  of  this  study,  consider  the 
following  problem.  An  estimate  of  the  radiation  dose  is  desired  for  an  aircraft 
flying  through  the  middle  of  a  debris  cloud  at  the  clout*  base  from  a  C.5"*T 
surface  burst  with  a  flythrough  speed  of  250  knots  at  a  time  of  2000  3  after 
detonation  enroute  to  a  target  that  requires  12  h  for  mission  completion.  The 
steps  for  this  calculation  are  as  follows: 

(1)  For  the  moment,  consider  the  aircraft  as  having  a  speed  of  31  1 
knots.  Calculate  the  radiation  dose  while  Immersed  in  the  debris  cloud  from 
equation  ( 1 ) : 

0  -  (2.3«)  (.5)  Q-U8  (2000/3600)'1  >53  (6) 
0-4.1  rads 

(2;  Find  the  onooard  radiation  dose  rate  constant  from  equation  (3)’- 

a.  -  (1.44)  (.3)-55  (2000/3600)"0-3'  (7) 

R1  -  1.2  rads/hour 


(3)  Find  the  onboard  dose  for  a  12-h  mission  from  equation  (4): 

D( 1 2)  -  (5)  (1.2)  C(2000/3600)--2  -  (12)"’2]  (3) 

-  3-1  rads 

At  this  point  multiply  by  the  aircraft  correction  factor  if  known;  see  Appendix 
A. 

(4)  Calculate  the  total  dose  that  the  aircrew  would  experience  by  adding 
the  results  of  steps  (1)  and  (3): 

Total  dose  -  7.2  rads 

(5)  Adjust  the  dose  to  account  for  the  speed  of  the  aircraft  by  using 
equation  (5) : 

D1  -  (311 /250 ) (7 .2 )  -  9.0  rads 

Thus,  the  predicted  gamma -rad  la  t  ion  dose  to  the  aircrew  is  9.0  rads  for  the 
mission.  For  50  runs  in  the  range  .1  MT<W<10  MT  and  30  min<T<  1  day,  the  stan¬ 
dard  deviation  of  these  predictions  from  the  CASSIE  predictions  is  165.  Two 
runs  deviated  more  than  305  from  the  CASSIE  results. 
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If  the  aircraft  files  through  aiore  than  one  cloud,  the  radiation  dose  of 
each  cloud  must  be  calculated  separately.  The  total  dose  13  the  sun  of  all  the 
Individual  doses. 
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APPENDIX  A 


CORRECTION  FOR  AIRCRAFT  PARAMETERS 

To  obtain  the  dose  prediction  outlined  In  the  conclusions,  the  following 
aircraft  parameters  were  arbitrarily  chosen: 

CL(cabin  length)  -  3205  cm  (1300  In.) 

CR(cabin  radius)  -  27 4  cm  (110  in.) 

DF(dlstance  of  crewmember  to  filter)  -  250  cm  (100  In.) 

FR(alr-flow  rate  into  cabin)  -  67.5  kg  (150  lb)/min 

PF(fraction  of  dust  not  trapped  by  filter)  -  .5 

Given  actual  measurements  of  these  5  parameters,  a  correction  factor  for  a 
particular  type  of  aircraft  may  be  calculated  and  the  carryalong  dose  modified 
as  follows: 


into  the  cabin  through  the  filter,  CRri  and  CpF-,; 

C?F1  ’  2PF 
C?f2  -  2(1 -?F) 

5.  Calculate  the  combined  correction  factor,  C: 


C  -  0.3‘CpF1  CDM  CFR  *  0.7 ’CpF2  CFR  CF 

The  carryalong  dose  (result  of  step  3  in  the  conclusions)  is  multiplied  by 
this  combined  correction  factor  to  obtain  the  corrected  carryalong  dose.  The 
correction  factor  is  based  on:  (a)  analytical  considerations  discussed  by 
Taboada  et  al.(I),  and  (b)  the  empirical  observation  that,  given  the  arbitrary 
parameters  originally  chosen,  the  CASSIE  model  calculates  that  30.5  of  the 
carryalong  dose  is  due  to  dust  trapped  in  the  cabin  while  70.5  la  due  to  dust 
trapped  in  the  filter.  The  correction  factor  thus  contributes  no  deviation  of 
hand  calculated  results  'Vom  CASSIE  results. 


.1 


EVALUATION  OF  MODEL  ASSUMPTIONS 

In  the  CASSIE  model,  the  dose  rate  for  a  flythrough  is  calculated  by  the 
following  steps. 

(1)  Divide  the  flight  path  into  a  sequence  of  target  points  (x1  ,  y.,  z,  ,  t,), 
(x2,  y2,  z2,  t2),...(xn,  yn,  zn,  tn),  each  4  km  apart. 

(2)  Calculate  the  dust  concentration  at  each  target  point  for  each  of  100  dust 
sizes  using  the  CASSANDRA  code. 

(3)  Calculate  the  dose  rate  at  each  target  point  assuming: 

(a)  The  rate  contributed  by  a  volume  of  space  is  proportional  to  the  mass 
of  dust  contained  therein. 

(b)  When  the  dose  rate  is  calculated  at  a  particular  target  point,  the 
dust  concentration  is  uniform  and  equal  to  the  concentration  at  the  target 
point. 

(c)  The  cloud  is  considered  to  be  infinite  in  extent  for  tne  purpose  of 
integrating  the  dose  rate  for  a  target  point. 


(U)  Approximate  the  dose  Integration  over  the  flight  path  by  assuming: 

(a)  Constant  velocity 

(b)  The  dose  rate  varies  linearly  between  target  points. 


Euor,  of  these  operations  contributes  some  error.  An  analysis  of  the  extent 
:f  some  of  them  follows. 


Frequency  of  Target  Points 


A  variety  of  flight  paths  were  evaluated  by  taking  points  much  closer 
togetner'  than  4  km  (2.4  mi).  The  differences  between  these  doses  and  the 

original  dose  were  less  than  5%.  Thus,  it  was  concluded  that  the  4  km  (2.4  mi) 
interval  for  target  points  was  a  good  compromise  between  accuracy  and  computer 


Integration  to  get  Gamma  Rate 

Taooada  et  al.  (i)  calculated  the  immersion  dose  rate  D  at  a  point  (r^) 
sr. d  time  (t)  by  the  following  integral: 


K ,  L  K  ( j  ) /  p(r  ,  t ,  J  )  eifp  (  -K,  1  r  -  r  .  I  )  dV 
j  m  ^  4  7t  ir  ~  r  .  I  “ 
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.  c. 


density  3'. 


where  r,  is  the  i  th  target  point  location,  p(r)  is  the  dust 
tion  r  ,*  -  6.767  x  IQ-^  meters  1  is  the  atmospheric  absorption  cf  a  - 

MeV  gamma  photon,  and  J  is  the  dust  size  category.  Th-3  integral  is  tawer. 
over  the  volume  of  the  cloud.  If  a  coordinate  transformation  is  mace  to  pot 
the  origin  at  the  target  point  and  spherical  coordinates  are  used,  this 
equation  becomes 

D  (ritj)  -  Constant  // /  p(s,j)  exp  (-K,  s)  sine  d9d$ds  '=-3' 

If  tne  assumptions  in  steps  3(b)  and  3(c)  are  made,  then  p(s)  -  p(r.).  Then, 
p'si  is  constant  for  purposes  of  evaluating  the  integral.  Also,  the  cloud  is 
spherically  symmetric  and  infinite  in  size.  Thus,  the  integral  becomes 

00 

C'r^.j)  -  Constant  pir^.j)  /  exp  (-K^  3)  ds 

o 


D(ri,j)  -  Constant  pir^JJ/K^  (3-5) 

Two  objections  may  occur  at  this  point.  First,  the  dust  density  does  not 
continue  indefinitely.  This  Is  not  a  serious  problem  because  only  it  of  the 
dose  ”ate  calculated  by  this  approximation  Is  due  to  any  activity  beyond  a  630 
n  (22AA  ft)  sphere  about  r 1 .  That  is, 

680  • 

;  exp(-K,  s)ds  -  .99  /  exp(-K,  s)ds  (3-6) 

o  5  o  5 


A  second  objection  is  that  p(r)  is  not  constant  enough  even  within  a  680  m 
22uu  ft)  sphere  to  make  a  good  approximation.  To  estimate  the  error  incurred 
from  the  constant  density  approximation,  an  alternative  integration  scheme  was 
performed,  using  the  following  symmetry  argument.  Consider  the  target  point  (x. , 
y ^  ,  z1(  t^).  Poll  the  dust  concentrations  at  7  points:  (Xj  ,  y^,  z^,  t,),  ( x ^  r 
200m,  yif  t^),  (x^,  y^  ±  200m,  z^,  t  i )  and  (x^  y<_,  z^  ±  200m,  tp.  Assume 

the  dust  concentration  is*  uniform  within  a  100  m  (  327  ft)  sphere  around  the 
target  point.  This  region  would  encompass  one-half  the  dose  rate  In  the  previ¬ 
ous  scheme.  Divide  the  remaining  space  into  6  "congruent"  (infinite)  regions, 
each  with  axis  of  symmetry  about  the  line  through  ( x j ,  y.,  z ^ )  and  the  respec¬ 
tive  polling  point.  This  can  be  pictured  by  imagining  the  8  points  of  a  cube, 
(x,  t  d,  y^  t  d,z,  ±  d),  on  a  hollow  cantaloupe  and  slicing  between  them.  Of 
course,  this  cantaloupe  is  infinite  in  radius.  The  intent  of  this  division  is 
to  justify  a  weighting  of  the  polled  points.  The  dose  rate  due  to  one  of  the 
outside  regions  is  one-twelfth  of  the  rate  calculated  over  all  space  if  the  dust 
concentration  were  uniformly  equal  to  that  of  the  polled  point.  In  like  manner, 
the  interior  sphere  receives  a  one-half  weighting. 


s 


:  —  :f  polling  points  (x,  ,  y,  ,  z,  »  200,  t,  ) .  xn  ,  y„ ,  z„  * 

t„  :re  ices  a  flight  path  200  a  (660  ft)  above  the  original The  Pose 
received  from  tne  upper  outside  region  can  be  evaluated  by  running  the  original 
program  and  taking  one-twelfth  of  the  resulting  dose.  The  same  is  true  of  (x;  . 
y,  r  20u ,  z^,  t,)  and  (x^,  y ^ ,  z^  -  200,  tj).  The  other  2  outside  integration 
regions  (x,  ;  200,  y ^ ,  z,,  tj)  form  flight  paths  along  the  original  path  but 
shifted  in  time  by  200  m  (660  f t ) /veloci ty ,  which  is  a  negligible  amount.  It  is 
assumed  that  the  starting  and  ending  points  are  outside  the  cloud. 


Thus,  the  dose  from  this  integration  scheme  is  a  linear  function  of 
of  the  original  program: 

New  dose  estimate 


(1/2  * 

1  /I  2 

+  1/12)  Dose  [ ( x i  , 

z1 ,  t1 ) 

•*  (xn •  yn-  zn 

>  tn’)  ^ 

*  (1/12) 

Dose 

C(xlf 

y1  *  200,  z 1 

,  V  -  (Xn, 

yn  -  200,  zn, 

•  '1/12) 

Dose 

-  Ixl  ■ 

y,  '  200,  Zl 

’  "  ' xn ' 

yn  _  200,  zn, 

4-  \  ' 

'  n  - 

*  (1/12) 

Dose 

L(x,. 

y , ,  z1  ♦  200 

-  V  *  (xn ' 

*n’  zn  +  200  - 

V; 

(1/12) 

Dose 

1 V  x  1  , 

y}  ,  z,  -  200 

-  V  *  (xn> 

yn.  zn  -  2oo, 

v  \  ■* 

'nJ  - 

Tne  doses  predicted  by  CASSIE  along  the  (x1 ,  y1  ±  200,  zy  ,  t,  )  - 
'x^,  yn  ±  200,  zn ,  tn)  flight  paths  do  not  differ  from  the  prediction  along  the 
original  path.  As  can  be  seen  from  Figure  3,  doses  along  the  (x,,  y1  ,zy  t  200, 
r-i)"'(xn,  yn,  zn  t  200,  tn)  paths  may  differ  by  25J  from  the  prediction  along  the 
original  path  but  both  will  not  differ  in  the  3ame  direction  from  the  original. 
The  choice  of  one  flight  path,  to  differ  by  25%  while  the  other  agrees  with  the 
original  is  a  worst  case  and  results  in  25/12  or  about  2%  error.  We  take  this 
as  evidence  that  the  original  integration  scheme  is  sufficiently  accurate. 


Calculation  of  Du3t  Densities 


Results  of  CASSANDRA  agree  well  with  dust  concentrations  measured  i 
Dial  Pack  tests  using  conventional  explosives.  There  are  no  measuremer 
airborne  dust  from  detonations  in  the  megaton  range  with  which  to  icmcar 
model's  results.  The  cloud  size  discrepancy  in  the  megaton  range  has  a! 
been  noted.  The  lack  of  experimental  data  and  other  models  for  comparison 
the  sources  and  amounts  of  error  difficult  to  assess. 

Atmospheric  Conditions 


The  atmospheric  winds  are  assumed  to  be  zero  If  n, 
reeted  horizontally,  the  cloud  will  be  translated  a3  a  r 
uniform  and  distorted  if  a  wind  shear  exists.  A  wind  sh-vi- 
of  the  flight  path  will  cause  little  difference  in  dcs-'  - 
wind  shear  will  produce  a  lower  dose. 


The  effects  of  precipitation  and  1  srge 
thunderstorm  are  not  considered.  Free: pi  tat:  t 
fall  out  earlier  and  t.nus,  reduce  loses  f-  m  ri 
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Flight  Through  Cloud  Center 


The  trajectories  of  the  aircraft  are  assumed  to  pass  over  ground  zero.  If 
the  aircraft  passes  a  distance  from  ground  zero,  the  radiation  dose  will  be 
reduced  by  virtue  of  the  aircraft  spending  less  time  inside  the  cloud  and  going 
through  a  lower  dust  concentration. 
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Short  title:  Radiation  Doses  From  Flying  Through  Nuclear  Debris  Clouds 


Abstract 


A  procedure  for  five  second  calculation  of  gamma  doses  incurred  by 
aircrew  members  flying  through  nuclear  debris  clouds  is  presented.  The 
procedure  is  based  on  sensitivity  studies  of  a  recent  flythrouah  model 
which  has  run  times  of  up  to  fifteen  minutes.  Accuracy  is  acceptable  using 
only  a  small  subset  of  the  original  input  variables  for  worst-case 
estimations . 
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Introduction 


Estimates  of  radiation  doses  to  aircrews  flying  through  nuclear 
debris  clouds  are  of  critical  interest  to  USAF  mission  planners.  The 
probability  of  such  an  event  occurring  is  high  following  a  nuclear 
attack.  Since  real  data  are  lacking,  prediction  must  depend  upon 
mathematical  modeling  of  the  cloud  environment  and  flythrough. 

Taboada  et  al  [1985]  developed  a  computer  model  which  predicts 
doses  from  flythroughs.  The  model  is  based  upon  the  dust  environment 
model  CASSANDRA  [Showers  and  Crisco,  1978]  which  in  turn  uses  the 
benchmark  DELFIC  [Norment,  1977]  code  as  the  basis  of  its  cloud  rise 
and  fallout  dynamics.  Taboada's  model  uses  the  CASSANDRA  code  to 
calculate  the  dust  density  at  various  points  along  the  trajectory  of 
an  aircraft  flying  through  a  nuclear  debris  cloud.  A  gamma-radiation 
dose  rate  is  calculated  from  the  dust  densities  and  integrated  over 
time  to  obtain  the  total  radiation  dose  that  an  aircrew  would 
experience. 

The  total  radiation  dose  is  assumed  to  originate  from  two 
sources:  (1)  the  immersion  radiation  dose,  which  is  a  result  of  the 
aircraft  being  immersed  in  a  radioactive  cloud,  and  (2)  the  onboard 
radiation  dose,  which  results  from  radiation  exposure  of  the  aircrews 
to  dust  particles  trapped  inside  the  aircraft  cabin  and  filtering 
system.  The  immersion  rate  exists  only  while  the  aircraft  is  inside 
the  radioactive  debris  cloud,  whereas  the  onboard  radiation  is  a 
continuing  hazard. 

Due  to  the  long  program  running  time,  Taboada's  model  has  little 
use  in  an  operational  setting.  This  report  presents  a  method  r/ 
obtaining  worst-case  radiation  doses  quickly,  allowing  planners  to 
create  complex  scenarios  with  relative  ease. 


Flythrough  Model 

Taboada's  model  provides  for  changing  flight  and  aircraft 
parameters  easily.  A  scenario  is  needed  which  will  allow  an  analysis 
of  radiation  dose  dependence  on  height  of  flythrough,  time  of  flight, 
and  detonation  yield.  For  the  purposes  of  this  report,  the  following 
flight  scenario  was  used. 

An  aircraft  flies  from  a  point  40  km  (24  mi)  from  ground  zero  on 
one  side  of  a  detonation  to  40  km  on  the  opposite  side,  passing 
directly  over  ground  zero.  The  flight  duration  is  500  seconds,  which 
corresponds  to  a  velocity  of  311  knots.  A  height  H  is  maintained 
throughout  the  flight  and  the  aircraft  passes  over  ground  zero  at  t 
seconds  after  detonation.  This  path  is  expressed  in  the  form  (-40  km, 
0,  H,  t -250 )  -  (40  km,  0,  H,  t+250). 

The  aircraft  parameters  are  chosen  to  resemble  those  of  a  KC - 135 
aircraft.  The  model  approximates  the  cabin  as  a  cylinder,  chosen  to 

be  32.05  m  (107  ft)  in  length  and  2.74  m  (9  ft)  in  raaius.  The 

filtration  system  is  arbitrarily  chosen  to  allow  50%  of  the  dust 
particles  taken  onboard  to  enter  the  cabin,  with  the  remainder  staying 
on  the  filter.  Once  aboard,  the  dust  particles  do  not  exit.  The 
distance  from  the  crewmembers  to  the  filter  is  arbitrarily  chosen  to 

be  250  cm  out  (100  in.).  The  air-mass  flow  into  the  aircraft  is  67.5 

kg/min  (150  lb/min). 

Cloud  Dimensions 

The  size  of  the  nuclear  debris  cloud  depends  on  a  number  of 
factors.  The  parameters  used  in  the  analysis  include: 

(1)  A  surface  burst,  with  50%  of  the  available  eneray  expended 
in  fission. 
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(2)  Ground  zero  at  670  m  (2211  ft)  above  mean  sea  level. 

(3)  No  wind. 

(4)  Soil  type  is  siliceous. 

The  debris  cloud  is  modeled  throughout  its  creation,  expansion, 
and  cooling.  At  some  point  the  model  considers  the  turbulence,  upward 
rise,  and  expansion  to  be  negligible  and  stabilizes  the  cloud 
dimensions  at  current  values.  These  calculations  are  reported  in 
Table  1.  Stabilization  is  relative;  in  actuality,  the  cloud  will 
continue  to  grow  slowly  as  a  result  of  buoyancy,  turbulence,  and  wind 
patterns. 


TABLE  1.  Cloud  Dimension  Data  at  Stabilization 


Yield  (MT) 

Stab. 

Time(s) 

Cloud 

Base(m) 

Cloud 

Top(m) 

Cloud 

Radius(m) 

0.003 

312 

3,700 

5,200 

1,100 

0.010 

423 

5,300 

7,400 

1,800 

0.030 

661 

6,700 

10,500 

2,900 

0.100 

611 

8,400 

12,400 

5,400 

0.300 

720 

9,500 

14,900 

8,500 

1.000 

783 

11,300 

18,000 

13,800 

3.000 

785 

13,500 

22,000 

20,300 

10.000 

787 

17,700 

29,000 

31,000 

30.000 

852 

21,000 

37,200 

52,400 

These  calculations 

are  based  on 

the  DELFIC 

and  CASS 

ANDRA  portion' 

of  the  model.  The  cloud  top  and  bottom  heights  agree  well  w^ th  value 
reported  by  Glasstone  and  Dolan  [1977].  Cloud  radii  appear  to  he 


larger  by  as  much  as  a  factor  of  1.4  than  those  reported.  Part  of  the 
disagreement  may  be  explained  by  the  ambiguous  nature  of  the  cloud 
dimensions.  Part  may  be  explained  by  the  fact  that  DELFIC  was 
intended  as  a  ground  fallout  code,  and  ground  fallout  is  relatively 
insensitive  to  cloud  radius  or  base  height  choices  [Norment,  1977], 
Since  the  flythrough  dose  is  approximately  inversely  proportional  to 
cloud  radius  in  this  model,  the  inaccuracy  in  cloud  size  will  cause 
the  calculated  dose  to  be  underestimated. 

Dust  Cloud  Characteristics 

In  the  model,  the  mass  of  soil  entrained  by  the  burst  is 
dependent  on  the  height  of  burst  above  ground,  type  of  soil,  and 
explosive  yield.  A  log-normal  distribution  of  particle  sizes  is 
assumed,  and  the  dust  is  partitioned  into  100  size  classes.  At 
initial  time  the  soil  burden  is  distributed'  uniformly  throughout  trie 
cloud.  As  the  cloud  grows  with  time,  the  soil  debris  will  be  lofted 
with  the  cloud  at  a  rate  dependent  on  particle  size.  The 
gamma-radiation  rate  at  each  point  in  the  cloud  is  proportion5. 1  to  the 
dust  mass  concentration  at  that  point. 

One  way  of  looking  at  the  vertical  distribution  of  dust  is  to 
conduct  flythroughs  at  various  heights.  Figure  1  shows  the  dependence 
of  total  dose  accumulated  during  the  flythrough  scenario  as  height  is 
carried  for  3  different  times.  For  T=1,000  seconds  the  flythrough 
starts  750  seconds  and  ends  1,250  seconds  after  burst.  The  dose  is 
nearly  constant  with  respect  to  horizontal  distances  for  flythroughs 
passing  within  8  km  of  the  center.  As  the  aircraft  flies  at  heights 
lower  than  the  cloud  base,  the  dose  received  is  restively  much  lower; 
only  large  particles  have  fallen  out  to  those  levels.  At  later  times. 
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the  dust  activity  has  decayed  as  well  as  fallen.  Thus  the  dose 
received  during  flights  below  the  cloud  base  at  these  later  times  is 
relatively  more  substantial. 


It 


The  flythrough  at  the  cloud  base  receives  the  largest  dose.  In 


the  following  analyses,  this  will  be  considered  as  the  worst  case 


scenario. 


Dose  at  the  End  of  Flythrough 


The  dose  from  a  flythrough  is  strongly  dependent  on  the  time  of 


flythrough  and  the  yield  of  the  detonation.  Figure  2  shows  the  dose 


accumulated  by  the  end  of  the  flythrough  at  the  cloud  base  versus 


yield  at  2000  seconds.  Although  the  data  on  this  graph  do  not  all  lie 


on  a  straight  line,  the  data  with  yields  greater  than  0.1  MT  strongly 


suggest  a  power  relationship. 


Figure  3  shows  the  dependence  of  dose  at  the  end  of  flythrough  on 


time  of  flythrough.  The  time  plotted  is  the  time  after  detonation 


that  the  aircraft  passes  over  ground  zero.  Regression  lines  to  these 


data  are  also  shown.  The  regression  fit  to  the  flythrough  at  an 


altitude  of  2  km  (1.2  mi)  does  not  include  the  data  for  the  four 


earliest  times.  The  flythrough  at  19  km  (11.6  mi)  altitude  represents 


a  flight  through  the  base  of  the  cloud  while  the  flythrough  at  28-km 


(17.1  mi)  altitude  is  close  to  the  top  of  the  cloud.  The  power 


dependence  of  dose  on  time  is  greater  than  the  t"  ’  dependence  built 


into  the  model  [Way  and  Wigner,  1948].  This  is  a  result  of  the  dust 


"falling  out"  to  lower  levels. 


Figure  4  shows  the  dependence  of  dose  on  time  for  flythroughs 


near  the  cloud  base.  This  graph  shows  that  the  exponent  in  the  time 


dependence  is  nearly  independent  of  yield.  A  multiple  regression  on 
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data  for  times  between  .5  h  and  3  days,  for  yields  above  .1  MT,  and 
for  flythroughs  near  the  cloud  base  produces  the  approximate 
relationship 

Dose  =  2.34  W48  t  _1,53  (1) 

where  W  is  in  megatons  and  t  is  in  hours.  This  time  dependence 
compares  favorably  with  the  t’*'8  dependency  observed  in  actual 
flythroughs  [Banks,  1958]. 

Post  Flythrough  Dose 

The  radiation  from  onboard  sources  is  insignificant  (3%  of 
immersion  dose)  while  the  aircraft  is  immersed  in  the  cloud.  However, 
since  the  onboard  dust  particles  are  carried  with  the  aircraft,  the 
radiation  from  this  source  can  become  significant  for  extended 
missions.  The  gamma-radiation  rate  decays  as: 

R(t)  =  Rj_  t"1*2  (2) 

where  R(t)  is  the  radiation  dose  rate  in  rads/hour  at  time  t  hours 
after  detonation  and  is  the  dose  rate  constant,  equal  to  the  dose 
rate  at  one  hour  after  detonation  [Way  and  Wigner,  1948].  The 
evaluation  of  R^  is  based  on  the  actual  values  of  the  total  onboard 
dose  rates  at  the  corresponding  cloud  exit  times  of  the  aircraft.  The 
calculated  dose  rate  constants  for  trajectories  near  the  cloud  basc 
are  given  in  Figure  5.  A  multiple  regression  fit  to  the  data  shows 
that  the  dose  rate  constant  can  be  approximated  by 


FIGURE  S3SMUTE  CONSTANT  VS  TINT  NEAR  CLOUD  B 
FLYTHROUGH  ( - 4 0 K in. 0, H b ,T - 25 0 )  '4-,  ".m,0,Hb,T+250 


Rx  =  1.44  W 


t 


-.33 


(3) 


.55 


where  W  is  yield  (megatons)  and  t  is  time  (hours)  after  detonation 
that  the  plane  reaches  ground  zero. 

The  total  onboard  radiation  dose  can  be  obtained  by  integrating 
equation  (2)  over  the  total  time  of  the  mission: 

D(t)  =  it  R1  t"1*2  dt  =  5R:  (ta-0'2  -  t"0,2)  (:) 

d 

where  D ( t )  is  the  dose  in  rads  for  the  mission  at  time  t  hours  after 
detonation  and  t  is  the  time  after  detonation  that  the  aircraft  exits 
the  debris  cloud. 

Concl usions 

The  problem  of  radiation  exposure  to  aircrews  during  or 
immediately  after  a  nuclear  attack  is  critical  for  USAF  mission 
planners.  The  best  way  to  reduce  radiation  exposure  is  fcr  the 
aircraft  to  avoid  the  nuclear  debris  clouds.  However,  the  size  of  the 
cloud  or  the  number  of  clouds  may  preclude  this  option. 

The  model  will  calculate  the  radiation  doses  to  aircrews  flying 
through  the  debris  clouds  from  a  few  seconds  after  detonation  to  time 
of  cloud  disbursement.  However,  the  residual  nuclear  radiation  will 
not  be  the  major  concern  for  early  times.  The  initial  radiation, 
thermal  effects,  and  the  problems  of  flying  through  clouds  of  large 
debris  particle  sizes  will  be  the  major  considerations.  Thus,  the 
results  of  this  report  should  not  be  considered  as  feasible  for 
flythrough  times  before  cloud  stabilization. 
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Approximate  radiation  doses  of  aircrews  flying  through  the 
nuclear  debris  clouds  under  various  conditions  can  be  calculated 
rapidly  with  a  small  calculator  using  equations  (1)  and  (4)  for  an 
aircraft  moving  with  a  constant  speed  of  about  311  knots.  The 
radiation  dose  for  an  aircraft  moving  at  a  different  speed  will  change 
in  an  essentially  inverse  relationship  with  the  speed  of  the  aircraft. 

If  an  aircraft  penetrates  the  cloud  at  a  slower  speed,  the  aircraft 

will  be  exposed  to  the  radiation  for  a  longer  time  and  thus,  the  dose 
will  increase.  The  adjusted  dose,  D^,  is  calculated  by  the  equation: 

Dj  =  ( 31 1/ v )  D  (5) 

where  v  is  the  actual  speed  of  the  aircraft  in  knots  and  D  is  the 
predicted  dose  that  the  aircraft  would  have  had  it  traveled  at  a  speed 
of  311  knots.  The  error  introduced  by  this  approximation  is  less  than 

6%  for  a  range  of  speeds  of  200  to  700  knots  at  a  flythrough  time  of  1 

h.  For  later  times  or  for  speeds  close  to  311  knots,  this 
approximation  is  even  better. 

An  illustration  of  the  application  of  these  results  and  an 
evaluation  of  many  of  the  assumptions  made  is  contained  in  Vanden 
Bosch  and  Woodrum  [1986]. 

If  the  aircraft  flies  through  more  than  one  cloud,  the  radiation 
dose  of  each  cloud  must  be  calculated  separately.  The  total  dose  is 
the  sum  of  the  individual  doses. 
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Figure  1.  Dose  vs  height  for  a  1  MT  yield. 


Figure  2 


Figure  3 


F igure  4 


F igure  5 


Flythrough  (-40  km,  0,  H,  T  -  250)  -  (40  km,  0,  H,  T  + 

.  Dose  vs  yield. 
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.  Dose  vs  time  for  a  10  MT  yield. 
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.  Oose  vs  time  near  cloud  base. 
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.  Rate  constant  vs  time  near  cloud  base. 

Flythrough  (-40  km,  0,  Hb,  T  -  250)  -  (40  km,  0,  Hb  I 


250) 


250). 


+  250). 


+  250). 


82-42 


